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ABSTRACT

A program to determine the phonomenological oxidation behavior of five
commercial nickel-base alloys (IN-l00, SM-200, Inco 713C, Rone 41, and
U-700) and one experimental alloy (Rene Y) is described to assire the
intelligent application of these alloys and aid in the development of
alloys with improved surface stability.

The oxidation characteristics were established as a function of alloy
composition, surface preparation, and environmental variables such as
time (5 min to 1000 hre), temperature (1400 to 2100 0 F), and air flow
rate (to 75 ft/sec). The extent of scale and subacale reactions were
measured, the reaction products identified and correlated with morphology,
and the accompanying kinetics of their formation studied.

t The oxidation behavior of these alloys is complex due to the interplay
between heterogeneous oxide growth, oxide interaction, oxide volatili-
zation, and spalling. However, the general oxidation behavior is
controlled by the competition between scaling and internal oxidation
reactions which could be estimated by thermodynamics, Increased air
flow, thermal cycling, and surface deformation generally decreased the
oxidation resistance of the alloys. All the commercial alloys would be
limited to service temprratures below 1800OF due to excessive spalling,
oxide vapnrization, or intergranular oxidation. Rene Y displayed
potential application at temporatures in excess of 2000OF due to the
lanthanum induced formation of a protective MnCrgO spinel oxide.

Higher Al/Cr ratios (lower Cr) and minor additions of "rare earths" and
Mn were suggested and demonstrated as an effective means of improving the
surface stability of nickel-base alloys.

I
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I INTRODUCTICN

The oxidation behavior of a metal or alloy is dependent not only on the
composition of the reactants, but can also be affected by the internal and
surface structure, the state of stress, and even the geometry. The
oxidation process is,in addition, sensitive to the velocity, density,
compositicn, and flow pattern of the oxidizing environment. Oxidation of
even the simplest system is therefore a complex process which has to be
understood before solutions to practical environmental problems can be
successful. In this respecti materials used in the combustion, turbine,
and tailpipe sections of aircraft gas turbine engines are exposed to
severe environments in which most such components must withstand the combined
effects of stress, high temperature, high velocity combustion products, and
erosion from foreign particles. Gas turbines may also ingest sea water which
can cause hot corrosion (sulfidation) of nickel and cobalt-base alloy com-
ponents at temperatures above 14000 F.

The work described here attacks one aspect of the high-temperature oorrosion
problem: the oxidation behavior of nickel-base alloys of the type commonly
used in aircraft gas'turbine engines. Consideration is also given to the
effects of air velocity and surface preparation on the oxidation behavior.
The erosion and hot corrosion problems, although interrelated with oxidation,

L are subjects requiring separate invostigation.

In the past, nickel-base alloy development efforts have been directed toward
improving high-temperature strength and primary or secondary working chara-
oteristics with relatively minor concern for oxidation behavior. Previous

* studies at this laboratory(1-3) and elsewhereC' e) have provided a good basis
for understandinp some of the oxidation behavior of commercial nickel-base
alloys. The present progrum was planned to investigate additional facets of
the high-temperature oxidation problem with the greatest emphasis placed on

*.. gaining a deeper understanding of the oxidation mechanisms govorning the
behavior of the complex nickel-base alloys used in gas turbines. It was
felt that a detailed understanding of the oxidation behavior of the best
commercial superalloys could be obtained from such a study by correlating

the scaling and subscaling processes with the composition, oxidation kinetics,
and morphology of the resultant oxides. The resultant knowledge will permit
better use of these alloys and provide a Useful guide for the design of improved
alloys in the future.

With the exception o1 the studies by Preece and IucasC"), relatively few data
exist in open literature regarding the behavior of superalloy.- .n high vvlkocity
combustion products. Most alloys exhibit different behavior in high velocity
versus relatively static environments. Although these differences in behavior
have been qualitatively observed and considered in the selection of alloys for

,J ,



jet-engine application, the mechanisms through which such differences occur
has not been rigorously studied to date in the gamma prime strengthened
alloys. Such studies formed an important part of the present work.

It has long been realized that surface preparation can influence oxidation
behavior. However, this effect has been considered to be primarily of
academic interest with no practical implications. Contrary to this view,
studies(2,6'10) have indicated significant influence of surface preparation
on the oxidation of Ni-Pe-4l-Ti-Mo-type alloys. Therefore, a third objective
of this work was to alA the surface preparation effect.

In summary, the prime objectives of this program were:

(1) Establish the oxidation mechanisms for selected commercial Ni-base
alloys so that the resultant understanding can be used to design
Ipmpoved compositions and assure the intelligent application of
these and similar alloys.

(2) Establish the effects of high velocity natural gas combustion
products and surface preparationon the oxidation behavior of the
subject alloys.

2
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II CONCLUSIONS & RECOMMENDATIONS[

During this study, five of the most promising commercial nickel-base alloyb
(IN-100, SM-200, Inco 713C, Rene 41, and Udimet 700) and one development
alloy (Rene Y) were extensively evaluated to determine the characteristics
of their oxidatiei behavior. The intent of the study was to apply the
resultant understanding ultimately to the application of these alloys and
to the design of alloys with superior surface stability,

The surface and mubscale reactions for these alloys were studied in both
static and dynamin etmiisphereb over the temperature range 1400 to 2100OF
for times of fl.ve minutb,' to 1000 hours. The extbo't of the subscale
reaction processes; internal oxidation and nitrification, y' depletion,
degenerate y' formation, and metal loss, were measured, the scale and
subscale reaction products identified, and their kinetics of formation
studied. The results of the study were derived primarily from the cor-
relation of micrnstructural features with reaction products, since the
oxidation mechanism proved too complex for a true kinetic evaluation,

Supplementary oxidation studies to determine the effects of cyclic conditions
and various surface finishes were also conducted.

2.1 Conclusions

The following major conclusions are cited on the basis ot the results of
this investigation:

(1) The oxidation processes in commercial nickel-base alloys, particularly
those in cast form, are too complex for a kinetic analysis to determine
meaningful activation energies, This complexity is a result of
heterogeneous oxide growth, oxide Interactions, oxide vaporization,
and spalling.

(2) The weight-gain rates are rnot indicative of the extent or type of
internal oxidation. However, the converse is true in that the n&'.turo
of the internal oxidation process can alter the scaling behavior and
the resultant weight-gain kinetics,

(3) All commercial alloys except Rene Y would be limited to service
temperatures below 1800OF duo to excessive spalling, intergranular
oxidation and oxide volatilization at the higher temp.'ratures, Incomparison, Rene' Y shows potential for application at temperatures

in excess of 2000 0 F.

, ---.- - -.. 3



(4) The general oxidation behavior for these alloys is controlled by
the competition between scaling and internal oxidation reactions.
If there is selective oxidation of the least noble constituents
into the surface scale, a relatively stable layer will result to
prevent or minimize internal oxidation. If, the least noble con-
stituent does not form first, internal oxidation of these elements
will occur by reduction of the more noble surface scale at the oxide/
metal interface.

(5) The interpla) between the scaling and subscaling processes is controlled
by thermodynamics and to some extent can be predicted. For the alloys
studied, the oxidation behavior was primarily a function of the Cr, Al,
and Ti concentrations. Based on their affinities for oxygen and the
activities of the constituents in the alloy, higher Al/Cr ratios are
believed to promote surface stability.

.6) The mode of oxidation can vary significantly as a function of
'. temperature which controls the rate of y' dissolution and the

Al. activity. However, length of exposure at any specific temper-
ature has no apparent effect on the oxidation mode.

(7) Due to the relatively low activities of the least noble constituents
in Rono Y (Si) and Ren6 41 (Al), those were the only alloys which
suffered internal oxidation over the entire rargo of time 'and
temperature studied. This internal oxide growth was controlled by
0i diffusion for Kenn' Y and Al" diffusion for Rcna 41. The growth of the

internal oxide front in these alloys displayed parabolic kinetics as
expressed by:

a (Ruong 41) = [8.91 x lO exp / 0 ) it + 0.30

S2 (Ron" Y) [8.32 oxp A- ( o/o t +0.20

(8) Oxidation in high velocity combustion products was more severe than in
static air. This is attributed to oxidation of CrO% present in the
scale to the volatile Cr0, yielding a l,';s protective oxide (NiO), a
higher oxidation rate, and a resultant increase in metal consumption.
However, the resistance to dynamic oxidation environments was not
suloly dependent upon the Cr content of the alloy but rather the Al/Cr
activity ratio.

(9) Additions of minor amounts of La and Mn to Hastelloy X (Reno" Y) markedly
improves the oxide scale adherence and rosistanco to dynamic environments.
The La addition increases the activity of Mn and Cr to form a stable
MnCr.O. spinel which minimizes scale volatilization. By concentrating
in the grain boundary cusps adjacent to the oxide/metal interface, La

4S- ..- - -- - --.---.-----



appears to promote scale adherency interface, through a mechanical
keying effect which minimizes the scale/w.etal interfacial shear stress.

(10) The effects of surface preparation were shown to be complex and not
always predictable. In general, however, surface preparation induced
cold work tends to alter scalo/subscale processes, thereby producing
greater internal oxidation.

2.2 Recommendatvions

To improve the surflace stability of nickel-base alloys and obtain a better
understanding of the reactions involved, the following recommendations can
be made, based on the findings of this investigationt

(1) Emphasize the development of nickel-base alloys with a higher Al/Cr
ratio, connistent however, with hot corrosion and ductility requirements.

(2) Develop an understanding of the oý'fects of minor addition elemonts*
on the environmental recistanco of high-strength, nickel-base
alloys.

(3) Continue efforts to establish the influence of surface deformation
on the oxidation of nickel-base alloys and detcrmine the practical
significance of those effects.

(4) Make more use of the cyclic and hot corrosion tests t;o more fully
simulate the surface stability in a gas turbine environment.

. *Refers to Group IlIb metals, the rare earth metals, thorium and manganese.

• •



SECTIQ4 III

EXPERIMENTAL

A literature review of the oxidation behavior of metals or alloys generally
expose numerous conflicting results. In auch a complex phenomenon as oxi-
dation, many of these conflicts can be attributed to differences in
experimental procedure. In those instances where experimental techniques
are thoroughly reported, the cause of the discrepancy is usually apparent,
and infact, results in a better understanding. However, where experimental
techniques are not reported or are obscure, the discrepancies may never be
resolved. It is therefore considered essential that all experimental pro-
cedures and techniques used in this investigation be fully described. This
is intended not only to permit confirmation of any portion of those studios,
but also to expose other factors which may influence the oxidation of these
alloys.

3.1 Materials

3.1.1 Alloy Selection

Nickel-base alloys were selected for this study which are not only leading
candidates for Jet-engine combustion and turbine section applications based
upon their strength and oxidation resistance, but which also offer variability
in their manner of fabrication, strengthening mechanism, and chemical
composition.

The commercial alloys selected for this program along with a summary of
factors influential in their selection are presented in Table I. The selection
has boon made to include a forging alloy, casting alloys, a high-strength
sheet alloy, and a lower strcngth shoot alloy possessing high oxidation
resistance. The following presents a brief description of each alloy, its
common usage, and the principal factors in its selection.

Udimet 700 (U-700) represents the highest strength nickel-base forging
alloy currently available and is generally used for wrought turbine blades
and other components requiring superior elevated temperature strength. This
alloy is of the age-hardened type. The predominant strengthening phase is
gamma prime [Ni 3 (Al,Ti)], but strengthening contributions from solution
strengtheni.ng and carbide phases are also important. Constitutionally, the
alloy contains a moderate Cr content, a relatively low Al/Ti ratio, moderate
molybdenum, and the highest cobalt content of the alloys selected.

6
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IN-100, SM-200, and Inco713C represent high strength cast alloys for turbine
blade applications. These alloys are also basically gamma prime (y')
strengthened but differ with respect to solid solution strengthening elements
and carbide formers. Inco 713C has a moderate chromium content, whereas
IN-1O0 and SM-200 have the lowest chromium contents of the alloys selected.
The major ternary constituent in each alloy also differs, being Co for

* IN-1G0, W and Co for SM-200, and Mo and Cb for Inco 713C. Inco 713C has
San Al/Ti ratio of approximately eight, which in the highest of the selected

alloys. Other subtle compositional features of these alloys include small
Zr and B additions. The variety in chemistry offered by these alloys should
provide an excellent basis for designing oxidation resistant cast alloys for
future applications.

* Rene 41 represents the highest strength sheet alloy available for sheet metal
structural component applications in tne temperature range of 1200-18000 F.
This alloy is also y' and carbide (MC and Mg.C.) strengthened and is unique
with respect to the combination of high Cr, Co, and Mo concentrations and a
relatively low Al/Ti ratio.

Rene Y is a General Electric development alloy strengthened by solid solution
and carbides which possesses excellent oxidation resistance at temperatures to
22000 F. This alloy is a modification of Hastelloy X and has relatively low
high-temperature strength. It was primarily developed for combustion liners
and afterburner components which do not require high strength. The unique
compositional features of this alloy include the highest Cr and Fe contents
of the alloys tested, a moderate Mo content, relatively high concentrations
of Mn and Si, and the addition of lanthanum for improved oxidation resistance
and scale adherence.

3.1.2 Alloy Procurement and Characterization

All alloys were procured from commercial sources. For those alloys to be
evaluated extensively, two heats were obtained to determine the heat-to-heat
variations. This factor is particularly important in cast materials where
variations in melting and pouring practices can produce both structural and
:ompositional differences which may subsequently influence the oxidation
performance. The alloys, their heat numbers, and the form in which they
were procured are given in Table II. The master heat analysis as provided
by the vendor and an i.ndependent analysis to check if compositional changes
occurred during the processing of the materials are presented in Table III.
The greatest differences between these two analyses is observed for Al and
Ti. All other elements check well.
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Additional characterization of the alloys is afforded by their mechanical
properties given in Table IV and their miorostruotures depicted in Figures
1, 2, and 3. Variations in the microastructures are seen to exist between
beats of the same alloy. However, for these studies, the differences in11• structure are considered insignificant and reflect the slight variations
normally expected in processing and/or composition.

The cast alloys are characterized by a large grain size (1/32"-1/8") and the
presence of shrinkaga voids. The grain size was found to vary from alloy to

.. alloy, heat to heat, and in some cases between specimens cut from the same
cast piece, Although shrinkage voids were present in all cast alloys, they
wore most pronounced in IN-I0 (Heat 2) and both heats of Inco 713C.

I The effects of heat treatment on the oxidation behavior of the alloy is not
being emphasized in this program. Therefore, unless otherwise specified, all
alloys were evaluated in the normal heat-treatment condition used in service,
"(See Table IV).

3.2 Specimen Preparation

All specimens used in these- studies were machined from the 3tarting materialsinto the form of thin rectangular coupons. The coupons were 50 to 60 mils
thick with the exception of those from Inco 713C which were approximately

* *120 mils thick. The size of the coupons varied dependent upon the type of

oxidation test to be performed. Continuous weight-gain specimens were
1-1/2 in. X 1/2 in. (area a 10 sq. cm.), those to be used for static oxi-
dation tests, thin film studies, and surface preparation effects were 3/4 in.
X 1/2 in. (area T! 5 sq. cm.), and the dynamic oxidation specimens were 2 in.
x 1/2 in. (area 2 13 sq. cm.). After machining, all specimens were reconditioned
to remove tool marks and other imperfections. The specimens were wet abraded
by hand through 600 grit silicon carbide paper. To minimize the tendency
toward oxide spalling at the sharp corners of the specimens, they were
rounded during hand grinding. In all instances, the dimensions of any one
specimen were held to a tolerance of 1 1 mil.

To compute the surface area of the specimens, only width and length measurements
as determined by flat anvil micrometers were used. The surfac'- area contri-
bution from the sides of the coupons were neglected tince at most they
constituted 15% of the total surface area which was further reluced by
rounding the corners of the specimens. .Further, the fact that the specimens
were approximately the same thickness permitted a comparative evaluation of

:111
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oxidation weight gain without considering the area contribution from the
sides, In computing the area for weight-gain measurements of continuous
weight-gain specimens, the surface area change produced by drilling the
specimen hanger hole was also neglected. Surface area calculations demon-
strated that the apparent surface area reduction produced by removing su,'face
metal during drilling in more than compensated for by considering the area
contribution from the hole circumference.

3.2.1 Continuous Weight-Gain Specimens

Following the hand polishing process, the continuous weight-gain specimens
Were electropolished to (1) produce a surfaoe which was both uniform and
ruproducible; and (2) remove the stressed or flowed metal (Beilby layer)
which could affect initial oxidation kinetics. Some difficulty was
encountered in establishing an sleotropolishing procedure suitable for
all the superalloys to be tested in this program. This was apparently the
result of composition and structural differences among the alloys, Of all
the electropolishing variables tried, which included type of electrolyte,
temperature of electrolyte, current density, and time of polishing, an
electrolyte of 150 HO, 500 cc H1PO, (85% conc.), and 3 gm Cr.O3 at a
temperature of 70OF and the parameters tabulated below was found tc yield
the best results.

Current Density Time
Alloy (amp/ema) (sc)

IN-100 0.4 10 ¶
Inco 713C 0.3 6
SM-200 0.3 5
Rene Y 0.5 10

Subsequent to electropolisoing, the specimens were depassivatod in a solution
of 10% HCl in ethanol, washed in water, final rinsed in ethanol, and dried.

3.2.2 Other Type Specimens

Spocimens to be used for static oxidation teats and dynamic oxidation studios
were thoroughly rinsed in ethanol and dried subsequent Lo the 600 grit polish.

Specimens for thin film studies were prepared as per the continuous weight-gain
specimens.
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Specimens to be used to determine surface preparation effects were given
three different finishes resulting in different degrees of roughness. They
were electropolished, dry grit blasted, and coarse wet ground. The
roughness of the resulting surface was measured employing a Prof ilometer
and the nominal surface roughnesses obtained are listed below along with
the variation observed:

Electropolished 3p + 1 RMS
. *Wet Ground (600 grit SiO) 5 p b 2 RMS

Grit Blasted (150 -grit Alos) 5,5 1 10 M
Wet Ground (50 grit SicD) 1301 + 2O RM0 3M

-I S*Preparation used for static oxidation tests.

The tolerance in the measured roughness not only reflects actual variations
within the same alloy, but primarily denotes variations in the abrasion
resista•eo (or nardness) of the vari.,us alloys used.

3.3 Toot Apparatus and Procedures

3.3.1 Continuous Weight-Gain Testing

Continuous weight-gain testing wam performed using two Mauer automatic
recording balances positioned above platinum-wound Marshall furnaces. Each
of the units, along with the automatic recording equipment and associated
accessories, is mounted in a support frame as illustrated in Figure 4.
The two units, which are identical in design, are capable of operating for
extended periods at 2300OF Temperature control was achieved through the use
of saturable core reactors which were found to yield a temperature variation'• o.! 4 3*F over a 4-in. hot zone at 21000F. T'he length of this mono was

further extended at lower temperatures. Temperatures were monitored using
Pt/Pt-13% Rh thormocouples sheathed in alumina and positioned in the rea•tion
chamber adjacent to the test specimen.

The Mauer weight recordtig system consists of an analytical balance with an
alnico magnet suspended from one arm into the magnetic fiuld of a solenoid.
The sample, whose rate of weight change is to be recorded, is suspended fram
the other arm of the belance into the furnace. The basic principle of

a, operation involves counterbalancing the weight changes of the specimen by
altering the current through the solenoid which applies a forco to the
magnet. The balance operates, therefore, in the null position. Any deviation

17
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m in the balance beam from the horisonal is sensed by a carefully adjusted

V'j, photo tube and eiectric circuit, Thus devi-ations in the weight of the specimen
are compensated for. by the automatic adjustment of the solenoid current acting
on the alnico magnet, which restores the magnet to its null position, The
actual record bf weight change is obtained by calibrating and recordir.g the

*: solenoid currtnt on an X-Y recorder. The recording system is so instrumented
"that three scales of sensitivity and range can be selected. Full-scale ranges

, for one chart traverse of 10, 50, and 100 mg are avatlablo. Thu practical
"accuracy of each of the above ranges is 1% of full scale or an acuuracy V
capability of -k 0.3. mg for the most seasitivo scale. Since the recording
system-is selt-raeroing once full scale deflectiov is.attained, a ban4 of 11
zero-counters allows the automatic recording of eleven times full scale weight.
gain or weight loss. The relative oxidation resistance of the alloys studied
"in t.his program required the use of-the most sensitive scale range; hence, no
weight gain was greater than 113 mg and the accuracy of1 the ,results were 1 0.1

' ~~mg, ..

The specimens to be tested were suspended from the balance into the furnace
by means of a c'iain. That portion of the chain between the balance and the
top of the furnace was gold plated and co-nmected to a platinum chain for
actual suspension into the furnace. The teaction chamber consisted of a
two-inch diameter mullite tube capped en top with a water-cooled copper
plate which had two holes drilled to allow passage of the suspension system j
and the monitoring thermocouplo, This water-cooled plate, as well as the
suspension chain, served as a •condenser for the recovery of volatile reaction
products. Thus, it was possible to vetimate the extent of volatilization by
the discoloration produced on the chain and condenser plate. The bottom of
the mullite tube was ground to a male 55/50 taper and sealed by a female pyrex
ground glass joint equipped with a viewing port and a side arm for introducing
the oxidizing atmosphere. This arranRement allrwed the observation of the
specimen during oxidation and any subsequent spalling which may have occurred
during the test or while cooling. It also provided a means of collecting
spalled or exfolinted reaction products.

The specimens were oxidized in slow flowing air closoly controllrd to a
flow rate of 1000 ml/min. Prior to the introduction into the reaction
chamber the gross impurities in the air were removed by passing over angel
hair. The air was then dried to a dew point of -70°F by passage through

. drying columns arranged in parallel to insure dry air for the duratici of the
test. The buoyancy effect produced by the flowin,! air coupled with t
sensitivity of the balance necesaitated close con rol of the flow ratu to
insure reproduoibiltty between tests,

*I)
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During a test, the following calibrationl and loading procedure was rigorously

employed. With the furnace at the desired temperature and the air flowing,

the opecimen warn hung front the chain above the reactjoy' cbeamber. The balanice

and recorder were zeroed, employing the most sensitive scale (10 mg full

scale), and a 5 mg weight was added to the pan from which the upecimen hung.

This produced a mechanical unbalance which placed the recording pointer at

r~ld-iicrtle Lind enabled the rietect ion of specimen weight losses as well as

* 2wsight gains during the initial stages of ouidation.. The recorder was

turned of f- 'the balance placed 'on arrest, and the, specimen, l.owered into the

-ceaa~t c.% the reaction chamber hot cone. Care was. taken to prevent the

#04cimien from otriking the chamber-walls or the thermocouple, which was

al.ready in place. Any,-away present In the chain was stopped and a plastic
shrud ~'c~darondthe exposed3 portion of the suspension chain between tho

-h ~~of the eaction chamber and the bottom ofthbancto iiie

thit anomolous effects prodluced by Atir currents. The balance was then taken

of f arrest and tho rat),Oder, 1%urned. oft. Although the specimen had b.aen in the

fuili~aqp-two -t0 threoo minutes while all the final adjustments were being made,

the ýo~bitidin of the, recorder pointer, when 'it was first turned on, was con-

aidered the "zero".; This il*ýlo" It'poirt.t proved to be a critical measurement
since, its will 'be showin 'in theo Pesults, the initial rate of oxidation was

relatively. high,- 'patrticulirly at temporritures. above 1800 0F. The two to

*tfirjp-minute delay in recording the oxidation rate was also considered
necessary to ensure that the. specimeon wis at the specified temperature.'

Therefore, although tho nocasmsry delay may have produced a theoretical

shlif in the positiorn 6fi the resultant *bight gain versus time curves, the

actual time lost was a very small fractionl of the total 100--hour run and can

be coneridered the vw~e for all runii.

The two continuoos weight"'ga'in test stations operated conti1nuously during

this investigation without any serious malfunctiono. However, during the

initial tests the high sensitivity of the equipment and associated line

* powor fluctuationls produced somne erratic. results, making it necessary to

install constant vroltage transf%'riners. They have proved effective in yielding

specimen weight-gain data which is more amenable to evaluation. Occaslonaliy,
however, anomalies occur during the chart recording of oxidation weight changes.

These fluctuations are genorally small itnd insignificant unless the weight

change of the specimen approatcheb the accuracy of -the bal~nce (4- 0.1 mg) as
observed during sorie of the low-tempernture tests (1400'F). The variations

* oboerved are believed to be the. reisult of fluctuation in air currents. and

* goneral vibration.
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• S~.3.2 Isothermal (Static) and Cyclic Oxidation Testing •

All static and cyclic oxidation tests were conducted by placing specimens I
tn zircon cup-type crucibles and oxidizing them in the static atmosphere-of
electric box furnacem. The .furnaces, which were equipped with saturable
core reactors and proportioning controllers to insure stability for long-time operation, possessed excellent temperature uniformity within their,:!

hot zones. For the two furnaces reed, a temperature variation of h 5OF
existed at 18000 F within the unable 7" X 10" hot zone. At 1600OF the
temperature variation in the same zone was reduced to .1 2 0 F. This large,
uniform temperature zone permitted up to 40 specimens to be tested at any
one timu.

Whore possible, the specimens were positioned such that the long-time test
specimens were placed to the rear of the hot zone permitting rotation of
shorter time test specimens near the front of the furnace. Upon completion
oX any test, or test cycle, the crucible was removed from the furnace and
immediately covered, This prevented the loss of reacticn products from the
specimens, which in some instances spalled quite vigorously during cooling.
Aftoý' dooling toroom temperature, the specimen, crucible, and specimen plus
crucible weights wert recorded,

3.3.3 Flame Tunnel Tostinýg

The dynamic oxidation tests were performed in a natural gas fired flame
tunnel of special design, illustrated in Figure 5. These flame tunnels are
mix inches in diameter, insulated to four and one-half inches inside diameter,
and water cooled by external copper coils. Heating is provided by the com-
bustion of a natural gas/air mixture through a ring GT oight solau burners.
The normal mass flow rate through the tunnel is approximately 100 lbs/ins/hr,
and secondary air is drawn in the center of the gas manifold. The resultant
gas 1-elocity is 50 - 75 ft/sec. The composition of combustion products and
gases vary somewhat along the length of the tunnrl. A typical chromatographic
gas analysis made at various positions relative to the specimens at 1600 aitd
2000'F are tabulated below:

1650"P

Percent Gas CompositionPosition*NC0
1" in tront 18.89 79.30 0.0006 1,14
I" In front 18.85 79.43 0.0006 1.10
4" in back 14.24 81.33 0.0007 3.77
4" in back 12.78 81.82 0.0009 4.56

20000 P

1" to right 0.49 83.04 0.0001 6.30
1" to left 9.44 83.18 0.0001 6.40
middle/above 9.95 83.11 0.0001 6.12

*Relativo to specimens
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The test specimens were mounted in a K-30 fire brick, as illustrated
in Figure 6, and placed in a motor driven rotating metal holder. The
holder, which is air cooled, is positioned such that the specimens
rotate within the hot zone of the flame tunnel perpendicular to the gas
"flow. This specimen holder, with a capacity of 14 specimens, rotates
at 10 rpm and provided the following advantages:

(1) All alloys to be tested (six), including duplicates, could
be tested at the aame time while exposed to identical
environmental conditions.

(2) A more quantitative and comparative evaluation of metal
loss and internal oxidation was permitted due to the
symmetrical arrangement of the specimenb in the holder.

The temperature of the specimens was measured and controlled by means of a
Pt/Pt-13% Rh thermocouple attached to a dummy specimen located just above the
test specimens and was checked, periodically by an optical pyrometer. At 20000 F
the temperature variation of any one specimeni was found to be no greater than
200F.

During these tests the specimens were also cycled every thirty minutes from the
test temperature to 10001F at a cooling rate of approximately 3000OF/min. This
was accomplished by a blast of cold air which automatically cut off at 1000 0 F.

3.3.4 Thin Film Oxidation

These tests were conducted similar to the static oxidation tests, the only
difference being the time of oxidation. For the short-time, thin-film testb
(five minutis to four hours), there was no means of determining the absolute
time at temperature due to heat-up considerations. Therefore, the test
specimens were inserted simultaneously into the furnace and arbitrarily allowed
five minutes to attain the desired temperature. Since these tests were intended
only to produce thin films for structural evaluation, absolute times of exposure
were not considered critical.

3.4 Measurement of Subscalo Reactions

Subsequent to the static oxidation tests the type and extent of subscale
reaction was determined for both heats of all alloys. Each specimen was
prepared for metallographic observation by sectioning it, placing it on a
wedge* and then vacuum mounting in a cold setting plastic reinforced with

*4 11i32' (5-1) or 14031' (4:1)
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'AlsOg P . Standard..metsallographic polishing procedures were employed until
the plahe of polish intersected the oxidized surface of the specimen. This
produced a tapered section through the oxidized surface with a vertical dis-
tortion or magnification of either 4 or 5:1. Thus an oxidized surface when
mounted on a 5:1 taper and viewed at lOOX was in reality at 50OX in a direc-
tion perpendicular to the oxide scale, This mounting technique yielded a
measurement accuracy for determining the depth of subscale features of ±0.25
mils. In conjunction with the special mounting material, which proved very
effective in preserving the oxidized edge, excellent metallographic results
were obtained.

After the normal metallographic polish the specimens were etched to more
clearly reveal the extent 6f the subscale .reaction, i.e., y' dissolution and
' agglomeration, The most'successful etching technique found suitable for
all alloys consisted of electrolytically etching in a solution of 2% chromic
acid + 5-10% HgS04 in water at 3-5 volts. Although some materials readily
stained employing this etch, the stain could be easily removed by a 10% HC1
methanol solution, An alternate etch used with moderate success contained
equal parts HC1 and Schantz reagent*-, applied with a cotton swab.

Measurements to determine the extent of scale and subacale reactions were
performed on these alloys not only to assist in developing an understanding
of the oxidation mechanism, but also to provide data useful for application
of these alloys as structural components. It is therefore important that
each type of measurement be thoroughly defined. A definition of the measure-
ments employed to depict the resultant scale and subsclo morphology is
presented below and typically illustrated in Figure 7.

S(a) Scale thickness - The thickness in mils of the outermost
continuous and relatively dense surface layer formed during
the reaction. Usually made up of oxide phases but occasionally
contains matrix metal inclusions.

(b) Internal oxidation (1.0,) - The depth below the scale/metal
interface in mils where selective oxidation of reactive
alloying elements occurs through the dissociation of oxide(s)
at the scale/metal interface or anion diffusion through the
surface scale.

Due to the variety of alloys studied and differences in the type of 1.0.
observed, this definition had to be further subdivided into 1.0. and I.GO.
(intergranular oxidation). Hence, the broad term 1.0. refers to both the
classical type salt and pepper suboxide formation and/or intergranular
oxidation. Since the latter type usually extends deepest into the material•,
it is also referred to here as the maximum 1.0. (see Figure 7), Internal
nittrides are also included in this measurement since they generally fall.
within the 1.0. region.

* 150 ml HO0, 30 ml 1IO., 360 ml HCl, 100 ml HN3 , 150 ml acetic acid
and FeCla
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(9) ' dissolution - The depth below the scale/metal interface
4ij•.• at which signifi'Cant structural changes occur because of

the preferential depletion or enrichment of alloying
Llements. This eff•ect in primarily evident after etching
due to the dissolution of y' and for this reason Is so
classified. The dissolution of other intermetallics such
as carbides and betides are also observed resulting in a
zone consisting of essentially y phase (F.C.C. solid
solution), This measurement is the same as that sometimes
referred to as alloy depletion (A.D.). However, since the
concentration of some elements actually increase in this
region, as will be illustrated by"the MX results, the
term AD. is considered misleading.

-(d) Metal loss - The physical reduction in material thickness
brought about by the conversion of metal to oxide scale.
The measurement is obtained by comparing the metal thickness
(including 1.0.) before and after the oxidation test, The
expected accuracy'for this measurement is ±0.5 mil, since
vertical sections are employed. In many instances this
measurement was not reported for static oxidation specimens
since the measurement was within the cited accuracy.

As illustrated in Figure 7, the original oxide metal interface is taken as the
base-line for all measurements and as such is assumed not to vary during
oxidation. This assumption might be reasonable in a simple alloy system con-
trolled by cation diffusion. However, in the complex alloys studied here
this assumption is questionable at high temperatures and long times where
oxide spalling occurs, scale interfaces are irregular, and internal oxidation
may be replaced by a more favored sub-oxide formation. Hence, for some
alloys the above scale and subscale measurement identification may not be
valid over the entire time/temperature range investigated due to either
movement or loss of identity of the original oxide/metal interface.

3.5 Reaction Product Identification Procedures

To characterize the reaction products formed during the various types of tests
performed in this investigation, a number of quantitative and/or semi-
quantitative evaluation techniques had to be employed. X-ray diff action
together with electron microprobe X-ray (EMK) analysis and light microscopy
evaluations served an the major means of identifying the reaction products
"formed. In addition, however, electron dilfraction and electron microscopy
were used to establish the morphology of thin films, while X-ray florescence
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and chemical analysis were employed when necessary for further subotantiation.
It has been emphasized throughout this investigation that at least two inde-
pendent techniques be employed for all critical structural identifications
and where possible duplicate specimens be analyzed.

3.8.1 X-Ray Diffraction

X-ray diffraction spectrometer traces and Debys Scherer type photograms were
obtained using filtered chromium or copper radiation. The X-ray diffraction
studisa were conducted on electrolytically stripped oxide films, scraped
oxides, oxide scales in situ, spelled reaction products, and any other features
of the oxide such as protrusions which might lead to a better understanding of
the oxide morphology. Information regarding suboxides end the general oxide
arrangement was obtained by comparing the oxides identified from the different
type X-ray specimens (i.e., oxide in situ versus electrolytically stripped).
Lattice parameter determinations were performed in those instances where 'the
information was required to identify the oxide, as in the came of spinel-type
structures or where oxide solubilities were expected. In general, these
parameters were determined employing the Stragnmanis technique where only the
high single reflections are used for the computation. Where possible, the
standard ASTM Powder Diffraction Index was used for identification purposes.
There were instances, however, where the identity of certain lines could not
be made due to nonavailability of ASTM Index patterns. This necessitated the
synthesis of compounds such as NiTiO3 for firm identification and clarification
of the various alloy matrix reflections.

3.5,2 Electron Microprobe X-Ray Analysis

For the majority of the E4X analysis concentration versus distance traces wore
taken on cross sections of the oxidized specimens mounted on 5:1 tapers
identical to those employed for motallographic evaluation. These traces clearly
denoted the concentration variation of any element as affected by the oxidation
process since the oxidizod region was effectively expanded. Occasionally
counting -techniques were employed to more quantitatively determine the concen-
tration of specific features. Calibration of the element concentration was
wetabliahed using pure standards, since correction factors for interaction

effects between elements were not considered significant enough In this study
to warrant their inclusion.

Aside from determining the major alloying element distribution and the concen-
tration variation in the oxide scale for correlation with X-ray results, the
EMX proved to be a useful tool in identifying constituents present as interual
reaction products. By simultanuously following the concentration plot and
observing the traversing electron beam (- 0.5 micron) through a microscope
concentration peaks could be related to particles in the subscale. The fact
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that oxide particles fluoresce when bombarded by the electron boom served to
distinguish themi from intermetallics and carbides and to identify their rela-
tive position in the metal matrix (i.e.o tranugranular or intergranular). It
was this very technique which permitted the identification of TiN. Wavelength
scans were also employed to qualitatively identify constituents contained in
various Intermetallic phases.

3.5.3 Light Microscopy

Light microacopy was used to complement the phase identification of the above
two techniques. Tho reaction zones of the metallographio specimens were msag-
nified by the taper mounting technique employed. This permitted an evaluation
of the numbpr of surface oxide phases present and the general morphology of
internal reaction products which were correlated with the other features.
Occasionally polarized light was incorporated to distinguish between isotropic
and anisotropic constituents.

3.5,4 Electron Microsoopy

Electron microscopy was used to folldw the differences in oxide topography
between the alloys during oxidation. Some studies were also made of the oxide/
metal interface morphology.

The morphology of the oxidized surfaces were determined by direct replication
in collodion, and preshadowing with germanium at approximately 650, The
replicas were then shadowed with carbon and the original collodion replica
dissolved. The resultant replicas were examined in a Philips Model lOOB
electron microscope.

3.5.5 Electron Diffraction

The surface oxides or thin filmo produced in the early stages of oxidation were
identified employing electron diffraction reflection techniques. In this method
electrons are diffracted from the bulk surface of the oxidized specimens at
low angle and the resultant Debye rings analyzed as in the case of X-ray dif-

fraction.
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SECTION IV

RESULTS

4.1 Oxidation Kinetics

Since the measure of the intensity of an oxidation process is its rate, a

means must be eot.ablished fur defining this rate process. In this inventi-
ghtion the thermogravimetria (coniinuoum-weight gain) method wan employed
where the rate of oxidation can be derved from the change in weight of the
sample as a function of time at the selected temperature. Ideally these
experimental results should be evaluated by empirically "fitting" the data
to the normal oxidation rate laws, The form of the rate law which is most
generally applicable can be expressed as:

LA K v t + C Equation 1
where •W

Thr - change in weight/unit area (mg/cm )

n = the reaction index expressed as a whole integer
and being 1 for a linear rate, 2 for a parabolic
rate, 3 for a cubic rate, etc.

t u time in minuteo

K a the rote constant for the process, the order of
which depends upon "n"

C = an integration conatant

If the integration constant "C" is assumed to be zero, which would be the
case if no oxide film were present on the metal surface at t = 0, the reaction
index "n" can be astimatod from the slope of log (W/A) versus log t plots by
considering the general rate equation in the following form:

1

A _ Kt

or log -•- - log K + 1 log t Equation 2
n

Where the slope of the straight line portion of the reuultant curves Is equal
to the reciprocal of the exponent for the rate law that is controlling the
reaction. However, since "C" can usually only be assumed zero for the initial
oxidation rate process (< 10 min) log-log plots serve only to approximate the

order of the reaction (n) and do not permit a determination of the acLual rote
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constant (K). The rate constant must be determined from either the slope of
"Ltho 9traiglt line formed by plot% of (AW/A)4 versus t or by-computations.
Having established the rate of reaction (K) and providing the order of the
rvactlo6 (n) is constant the temperature dependence of the oxidation process
con be dwtormined from the following equation:

Kn A • (-Q/RT) Equation 3

where Kn. rate constant (mg/cm')in/ne

A - constant

Q a •ctivation energy (cal/mole)

4; R a gas constant (cal/mole/0K)

T = absolute temperature (OK)

If from Equation 3 a plot of log K versus l/T produues a straight line, the r
"1allpe in representative of the activation energy of tho oxidation process.

,.The activation energy may in turn provide information regarding the mechanism,
of the reaction.

Although the kinetic analysis presented above is valid in theory, and in fact
applicable for some pure motels or simple alloy systems, the complex and
heterogeneous oxidation prooesses displayed by the alloys studied in this
investigation would appear to preclude a rigorous anqlymis of this type.
Holwever, all the alloys studied displayed some indications of pare-linear type
oxidation either at the lower temperatures or during initial times at the
hig•her temperatures. It was only after long time or high temperature exposures
that considerable deviation from parabolic rates were observed. Therefore, to
"provide some quantitative means of comparing the oxidation ratur of thesm

., alloya a kinetic evaluation was conducted employing linear and parabolic rate
constants determined by "curve litting" to Equations 1 and 3.

The continuoua weight gain test data for both heats of Rena Y, IN-lO0, SM-200,
and Inco 713C as obtained from the actual continuous chart recordings are
tubulated in Tables IA, IIA, lilA and IVA respectively. Some of these data
are plotted on a logarithmic basis to:

(a) Present the typical oxidation behavior of each alloy as a
function of time and temperature

(b) Illustrate the heat-to-hest variaLin which exista
j(a) Approximate the order of the reaction and tim time interval "

which it applies

A

A
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Some variation Is noted to exist In the oxidation behavior between the two
heost of thlse ailoys. However, this heat-to-heat variation is observed to
be no worse than that which exists between identical test specimens of the
saone heat. The variability can then be ascribed to differences in the
individual specimens (i.e., surface porosity, microstructure, and varying
degrees of electropolishing) or inheren't errors in the experimental technique.

Of the alloys evaluated, Rens Y conformed most readily to a kinitic analysis.

From the curves illustrated in Figures 8 and 9 w linear reaction rate (slope f 1)
is observed for short times at 1800OF arnd below, with subsequent parabolic
oxidation (slope 0 1/2) at long'r times and/or higher temperatures. Further
evidence for the existenco of linear oxidation during thv initial stages of
oxidation was aofordod by the'straight lines produced Im plots of W/A voirsus
time. The parabolic regions of the rate cuJve were demonstrated by the excel-
lent straight line fit obtained when (AW/A) was plotted as a function of time.

.. fTherc w'o• instatnces in which the oxi.dation data were better ropremented by a
"cubic" rate, buL ainne this wan liot true in the majority of cases, the beut

fit to a "yArobulic" .ite(s) of oxidation was obtained, It is apparent from
the curves that the linear rates which exist at 16000 and 1800OF are replaced
by paraboic riotes as time Increases. At. 1800OF and abivw, two porabolln rAtesi
"appeared to be present, the second one being slower than the !Irst. The oxi-
dation rate constants computed from the data shown in Tablo 1A, as well as the
time intervals over which those rates apply are summarized in Table V. The
initial ten minuten of oxidation was not included due to the effects of
temperature and surface preparation during this stage of oxidation.

, A plot of the rate constants in the normal Arrhenius form is shown in Figure 10
and includes both heats. The voriation between Heats 1 and 2 during linear
oxidation is evident and more scatter Is observed in the data points for Heat 2.
The validity of assigning activation energies to processes as complex as these
may be questionable. However, the slopes of these curves suggest appnrent
activation energies of 36 K cal/mole for the linear rate and 45 and 29 K cal/mole
ior the two successive parabolic processes. The secondary parabolic procous
obtained from these results is obaerved only after long times at moderate
temperatures or after relatively shorter timew at. the high temiperaturea where
volatile reaction products wore observed after testing, as indicated by a black
condensate on the specimen hanger chain, It has also been demonxtrated'
that such fictors as oxide porosity or densification, changing specimen geometry,
and oxide interactions can produce deviations from ideal parabolic rato laws.
Hence, the secondary parabolic rates observud may be representative of combined
oxidation and volatilization processes which produce what appears to be a
slower parabolic oxidation rate. If this is the case, the assignment of an
activation energy to this lAtter process will have no significance with respect
to determining the oxidation mechanism.
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FIGURE~ 10 Arrhenius Plot of the Rate Constants for Rens Y
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4.1.2 IN-10o

The oxidation behavior of IN-100 is typified by the log-log plots of weight
gain versus time in Figures 11 and 12. The curves illustrate a combined
cubic/parsbolic oxidation rate (slope E-- 1/2 to 1/3) at the lower temperatures
or during the initial periods at high temperatures. These reaction rates
decrease after long times and/or high temperatures. The decrease in weight
gain rate is attributed to spelling losses which were actually observed
during testing. In some instanoes at 21000F spalling was actually observed
during the first hour of testing.

The oxidation rate constants, as computed from the slopes of the "best-fit"
straight lines from AW/A or (AW/A)' versus time plots, are summarized in
Table. VI. Although parabolic rates ,"ere computed for comparative purposes,
the majority of data were best represented by cubic rate constants. The

* absence of linear type oxidation at temperatures above 1400*F, the relatively
limited time interval for initial parabolic oxidation (Kp1 ), and the existence
of a secondary parabolic oxidation rate (KpI 1 ) are all noteworthy features.

A plot of the rate constants in the normal Arrhenius form is shown in Figure
13. Considerable scatter is present in the data and above 2000OF some devia-
tion from the straight line representing KpX exists. From the straight line
formed during initial parabolic oxidation, a value for Q of 45 K cal was
computed, which is similar to that determined for Rene Y. It ts doubtful,
however, that this value is the enthalpy required for oxidation in view of
the complex nature of the oxination process. This value should rather be

* considered an empirical constant which characterizes the initial stagea of
oxidation below 20000F.

As in the kinetic analysis for Rene Y, a dual parabolic oxidation process is
also observed for IN-100 above 100007. Since the value of KpiI does not vary
significantly with temperature, it is probably related to some mechanical
rather than a thermo-chemical process. Oxide spalling during exposure is
considered most likely responsible for this constant oxidation rate.
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4.1,3 SM-200

As observed in IN-lO0, the continuous weight gain curves for SM-200 (Figures 14
and 15) also deviate considerably from parabolic after long time high tempera-
ture exposures. In fact, prolonged exposures at 2100°F produced an apparent
cessation in weight gain followed by a weight d,irease. Since spelling wasr
not evidenced during any of the tests, excessive vaporization was expected. An
X-ray fluorescence analysis of the deposits scraped from the cooler sections
of the specimen hanger chain indicated largo amounts of chromium and tungsten*.
HoweVeri an X-ray analysis of the same deposit produced an unidentifiable
pattern.

The linear and parabolic rate constants derived from the verious tests are
summarized in Table VII and further illustrate the anomalous high temperature
behavior. As with IN-1O0, the linear reaction rates (K.1 ) were limited to
the first few hundred minutes of oxidation at temperatures greater than 18000 F.

A plot of these reaction constants versus reciprocal temperature, shown in
Figure 16, indicates a discontinuity in the initial parabolic process at
approximately 17000F. This suggests that two initial parabolic processes are .I-
operativo, .ach of which to controllud by a different mechanism or combination
of mechanisms.

4.1.4 INCO 713C

An illustrated in Figures 17 and 18 thw oxidatiot behavior of this alloy dis-
plays more heat-to-heat variation than the other alloys tested. The large
grain size of the test specimens and difficulties encountered in electropolishing
the specimens may account for this behavior, However, the cause of the
anomalous shape of the oxidation curves for both heats at 2000*F has not been
established. Spelling and vaporization effects can be discounted since neither
were observed during the tests, The behavior observed for this alloy may
rather be associated with the relatively high aluminum content of the alloy
and the dissolution of the aluminum-r'ich y' phase at this temperature, This
will be discussed further in another section.

The oxidation rate constants for this alloy which are summarized in Table VIII,
are in general similar to the previous two cast alloys. The notable exception
is the absence of any linear oxidation rates. The vriatlon of the oxidationJ
constants with reciprical temperatures is illustrated in Figure 19. The
relation depicts two reasonably well defined parabolic processes.

• The analysis also identified lesser amounts of all the other constituents
in the alloy.
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FIGURE 16 Arrhenius Plot of the Rate Conotants for SM-200
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4.1.5 Comparison of Alloy Kineticr

The kinetic analyses performed in this investigation do indicate certain
bimilarities in the oxidation mechanisms which dictate the behavior of theme
alloys. However, it in doubtful that the activation energies computed for
the parabolic rates are representative of simple diffusion processes. The
rate controlling oxidation mechanisms Pre probably much more complex.
Although models have been developed to correct thermogravimetric data for
the high temperature vaporization effects• '4 the correlation obtained with
the present data was poor, indicating that the assumptions of single phase
oxide formation and parabolic oxidation kinetics are not valid Xor these
alloys.

On the other hand, the oxidation data obtained in this investigation do
denote gross differences in oxidation behavior of any alloy and thus serve
to coimpare the oxidation rates of the alloys. Such a cumparison is presented
in Figure 20 for two extreme test temperatures. At 16000F all the alloys
oxidize similarly with no more than a factor of three difference in total
weight gain after 100 hours exposure, All alloys except Into 713C showed a
linear reaction rate (slope a 1) during the initital stage of oxide scale for-
mation with subsequent parabolic (slope a 1/2) or cubic oxidation (slope a 1/3)
after longer times. The relatively slow initial oxidation rate demonstrated
by Into 713C is not fully understoud. At 20006F the general weight gain be-
havior of the alloys are alma similar and it is apparent that the linear rates
which were prominent at 1600OF have been replaced by parabolic rates during
the initial 100 minutes of oxidation. This can simply be construed as
equivalent to the latter stages of oxidation at 1600OF where oxide growth is
diffusion controlled. However, for times much treater than 100 minutes the
oxidation rates decelerate. This behavior has '. n associated with excessive
oxide deposits on the specimen hanger chain and throughout the oxidation test
equipment with no corresponding observation of spalling losses. Hence, oven
in this slow flowing (1 liter/min) environment, oxide volatilization is con-
sidered primarily responsible for the oxidation behavior observed. At 14001,
18000, and 2100OF the alloys displayed oxidation rates which were either
extremes of those illustrated in Figure 20 or transitional as was the case
at 180G0F where some alloys displayed volatilization aid others did not.

A comparison of the oxidation rates of these alloys is illustrated in
Figure 21 where the initial parabolic rate constants (Kpi) are plotted versus
reciprocal temperature. Although a kinetic evaluation of Rene 41 and U-700
was not performed in this investigation their oxidation behavior has been
previously characterized in a similar study. The results are includad here
for a more complete comparison of the alloys. Considering the differences in
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..composition and activation energies displayed by this group of alloys the
similarity in oxidation rate it 38000P and below is pronounced. A notable
exception is IN-100 which oxidizes five to ten times faster than the
other alloys. If data scatter is considered and IN-100 excluded, there
is essentially no difference in the initial oxidation rates of these
alloys between 1600 and 19000F. It should be noted, however, that the
time interval over which this initial parabolic oxidation rate is appli-
cable generally decreases with increasing temperature. Therefore, these
curves only compare the initial oxidation behavior and should not be con-
sidered applicable for extended times above 18000F.

4.2 Static Oxidation Behavior

The data presented here establish the type and extent of the oxidation
reactions for Rene Y, SM-200, IN-100 and Inoo 713C during static oxidation.
For these studies, specimens were exposed in ambient air at 1600, 1800, and
2000OF for times of 3 minutes to 1000 hours. A relatively complete micro-
structural characterization of the oxidation products is presented, however,
in some instances, details and apparent anomalies remain undefined.

4.2.1 Thin Film Studies

This study was conducted to determine the nature of the initial oxide films
formed on these alloys. Information regarding this stage of oxidation is
necessary to obtain an understanding of the subsequent longer time behavior.
The progressive growth of the oxide scale during four hours exposure at
1600OF is illustrated for each alloy by the sequence of electron photo--
micrographs in Figure 22 through 25. Although some variation was observed
in these thin films due to orientation and homogeneity effects, the areas
selected are considered representative. For each alloy the base oxide
film (5 minutes) is observed to mature with time as indicated by the
crystallite development. The cast alloys all demonstrated at least one
additional oxide phase which appears to protrude through the base oxide
and subsequently grow or agglomerate. This behavior became more pronounced
on thin films formed at 18000F. It is this heterogeneous oxide formation
and the combinod action of the different oxidation modes operative which
is considered responsible for the irregular oxidation kinetics observed in
the previous section.

A summary of the oxide phase identification for these thin films is presented
in Table IX along with the specific identification technique employed. As
indicated, electron diffraction reflection techniques did not yield workable
results. In most instances, the patterns were either too weak or diffuse
to perform an analysis, Where patterns were obtained, arcing of the Debye
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a) 5 minutes

(10,000O)0

b) 30 Minutes
(10, OO0X)

(698B)

c) 240 Minutes
(10, OOOX)

1* J (6980)

FIGURE 22 Initial Oxide Growth Morphology ini Reng Y During Exposure at

1600*F. Shadowed replica as stripped for specimen surface.
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a)5 Minutes

(10, 000x)

(699A)

b) 30 Minutes
(10,OOOX)

(699B)

c)240 Minutes

(l0OO0x)

FIGURE 23 Initial Oxide Growth Morphology in SM-200 During Exposure

at 16000F. Shadowed Replica as stripped from specimen surface.
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a) 5 Minute's
(10, 00OX)

(896A)

Ib) 30 Minutes
(10,OOOX)

c) 240 Minutes

(10, 000X)

) 4 

(696C)

FIGURE 24 Initial Oxide Growth Morpholoy n -10DigEporea

16000F. Shadowed Replica as stripped from specimen surface.
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a) 30 Minutes
(1O0,OOX)

V... A

c)240 Minutes
(1O,OOOX)

FIGURE 25 Initial Oxide Growth Morphology in DIco 713C During Exposure

at 16000F. Shadowed replica as stripped from specimen surface.



TABLE IX

SUMMARy OF THIN FILM OXIDE IDENTIFICATION1

Alloy-TeoyTime Method Products

__________ Tmin.meto _____________________

.Re• Y 1600 5 (b) CraO,
1600 120 (c) CrO0s+MnCrqO,(ao08. 4 1W) w)

1800 5 (b) CraO3
1800 30 (c) CrmO3 +MnCra04 (so -8.43A) (W)

""SM-200 1600 5 (b) Spinel (go=8.34A)

1600 120 (c) Spiflel(&loz.8.24A)+TiOa(W)+WOa*
1800 30 (b) Diffuse

:;.1800 5 (b) DiffUSe"

1800 30 (c) Spine1(ao=8.34k)+NiO (Cr,Al)O34+TiOI(VW)

Inco 713C 1600 5 (b) No pattern
"1600 30 (b) Diffuse
1600 120 (c) NiO(ao,4.]2k)+SPilnel(ao,=824A)
1800 5 (b) Diffu89 Br
1800 30 (c) NtO(ao=4.15k)+Spinel (vo.8.34A)÷CraOa

IN-100 1600 5 (b) No pattern
1600 30 (b) Diffuse
1600 120 (c) (Ni,Co ,V)O(ao=4,.301) +TiOa +Cr03 (W) +A1a03 (W)

1800 5 (b) Diffuse

(a) Listed in order of decreasing intensity

(b) Electron diffraction reflection

(c) X-ray diffraction of Plectrolytically stripped oxide. Corbide phases

not listed.

* Tentative identtification

fit

Li 4



rings indicated some preferred orientation present. The accuracy of
electron diffraction transmission techniques was not considered sufficient
for oxide phase identification, therefore, most of the thin film identifi-
cation was performed using X-ray diffraction of electrolytically stripped

f films. However, the idojutifioation of oxides employing this technique
was complicated by the presence of intermetallic phases from the metal
which were also extracted with the oxide. A typical X-ray pattern pro-

duced using this technique is shown in Table X.

Relating the thin film morphology and corresponding X-ray identification,

the various features of the structure can be characterized. To assist in
determining the cheaical makeup of the spinel phases or oxides with distorted
parameters the composition of the matrix of each alloy was determined employing
a Phacomp analysis"). The results of this analysis are presented in Table VA.
These results indicate that for the majority of alloys the matrix is con-
siderably richer in Cr, Co, and Mo than the bulk chemical analysis shows.
This is due to intermetallic formation (i.e., y', carbides, borides) which
deplete the matrix of Ni, Al, Ti, and ,iho strong carbide-forming elements.

For SM-200 (Figure 23) the base oxide is a cubic spinel whoso lattice
parameter and matrix analysis suggests a (Ni,Co)Cr 2 o4 composition. This
oxide contains TiU2 and possibly W%5 protrusions which grow with time. The
position of these secondary phases indicates some relation with grain
boundaries and/or intermetallics in the alloy.

For IN-100 (Figure 24) the initial oxide is cubic (Co, Ni)O lattice
further expanded by the soltitlon of V. This oxide contains a random size
distribtuion of TiO2 (rutilo) protrusions which also grow rapidly with time.
After 4 hours exposure at 1600 0 F, the protrusions become massive and occupy
approximately 30% of the surface. There is also some evidence of ce-AIOa
and a-Cr 2 O% type oxides but these (particularly the AI.O.) may be part of
the internal oxide.

Inco 713C (Figure 25) initially forms cubic NiO whose lattice parameter
indicates relatively high purity. After 4 hours exposure, crystalline
Ni(Cr,A1) 2 0 4 type spinel protrusions are observed. The jpinel phase forms
a pattern which indicates some relation with the matrix morphology.

In all instances, the cast alloys display thin films with multi-phase
oxides. However, 'he thin film morphology for Rene Y (Figure 22) displayed
a rolatively uniform single phase oxide of rhombohedral a'-Cr.On and possibly
some homogeneous (Mn,Ni)Cr a O4 spinol overgrowt.hs. After exposure at 1800
and 2000*p, the oxidoremained uniform although significantly more developed
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S~TABLE X

TYPICAL X-RAY DxrPRACTIC PATTER* OP PRODUCTS ELICTROLYTICALLY STRIPPED

S~~h,k,l

"(CoNi,V)O Tetragonal
cubic. a4 A.' 03 Ce 0.

d(J) qM2 ~. Rhomb Rhomb

.25 M- 110 - -
2.07 'W - - 04 400
2.51 W - -1104 - -

2.41 a 200 101 - 110 -2.38 W -- 110 - 420

2.30 VW 200 - - 3
2.19 VW - il2 - - -2.15 W' 200 - - - 422
2.05B W - 210 - - 5;11 '

1.65 M " 211l - - 620
1.66 VW - - - 116 -

1.62 W - 220 - - 533
1.60 MW - - 116 - 622

1,vw -s .... - I:
1.52 W 220 533-

1.0475 VW - 002 ....

1.450 VW - 310 - - -

1.425 VW - - - 300 -

1.400 VW - - - -,
1.355 W - 301 - - -

1.345 VW - 112 - - -

1.299 M 311 311 - " 644
1.256 VW - - - - -

1.245 W - 202 - - -
1.169 VW - 321 - - 840
1.150 VW - 400 - - -
1.092 VW - 222 - - -

11 more lines

S - strong; M a medium; W m weak; V u very I
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as illustrated in Figure 26. The mloroporosity notel at the edges of the
crystal faces (Figure 26(a)) may reflect the onset of oxide vaporization.
After the 20000F exposure (Figure 26(b)), crystal growth is observed along
with rounding of the crystal edges. This latter effect is believed to
reflect an advanced stage of volatilization.

4.2'.2 Macroscopic Oxide Morpholoy

To completely evaluate the oxidation mechanism of an alloy, the macroscopic
as well as the microscopic oxidation-procens mustibe understood. This is
particularly important for complex alloys where inhomogeneities can exist
and influence the oxidation behavior. For this reason, some attention was
devoted to evaluating the gross oxide morphology as a function of both time
and temperature,

The general oxide morphology of IS-1O0 continuous weight-gain specimens as
a function of testing temperature are illustrated in Figure 27. The
general thickening of the oxide with increasing oxidation temperature is
evident. The important feature, however, is the relation between the
interdotidritic precipitates in the as-cast structure (Figure 27(a)) and
the excessive oxide buildup in these regions with increasing temperature,
which eventually leads to spalling. Figure 28 is presented to further
domonstrate the apparent relation which exists between precipitates within
as-cast SM-200 and Inco 713C and the subsequent oxide growth pattern.
Although the specific cause(s) of the oxide buildup on or in the vicinity
of original interdendritic precipitates was not established, it in no
doubt related to alloying element partitioning present in the cast alloys.
It also demonstrates that the heterogeneous oxidation observed during thin
film oxidation persists itfter longer oxposuros.

Figure 29 shows the general appearance of the oxides produced during the
static oxidation of Reno Y at 180001. Of significance here is the varia-
tion in oxide morphology exhibited between heats and the homogeneous
appearing oxide. Heat 1, which conristently displayed superior oxidation
resistance in oxidation tests, demonstrated the nucleation and subsequent
growth of oxide protrusions as a function of oxidation time. Heat 2, on the
other hand, shows no such effects. The protrusions, although tenacious,
were removed and analyzed using X-ray diffraction. With the exception of
additional NiO and matrix phase, the structure was the siume as the adjoining
oxide. Further explanation regarding the cause or significance of this
phonomenon is presented in the following section.
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C5 102607 C6651122 12

(a) Heat #1 -Oxidized 100 hours (b) Heat #1 -Oxidized 1000 hours
Note nucleation of protrusions Note growth of protrusions

'S.S

C65 102600 C65 102604

Wc Heat #2 -Oxidized 1.00 hours (d) Heat #2 -Oxidized 1000 hours

FIIGURE 29 The general surface appearance and heat variations observed for
Rene# Y oxidized in static air for various timeis at 1800 0F. Note
the formation and growth of oxide protrugions in Heat #1.

45X(
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4.2.3 Rene Y 0Midation

* . Typical microstructures depicting the morphology of the oxidation reactions
for Rene' Y after various times and temperatures are presented in Figures 30
and 31. The quantitative measurements indicating the extent of the reactions
are given in Table XI. The oxide features consist of a relatively dense

two-phase scale with semi-continuous grain boundary attack and a uniform
1.0. or 1.0.0. region. The oxide measurements indicate the following:

(1) Greater oxidation resistance for Heat No. 1 (see Figure 30). This
heat variation is considered a result of fabrication induced vari-
ables, since the chemical analysis of the two heats are essentially
identical.

(2) For each heat the scale thickness reached a maximum value and then
remained constant or decreased with increasing time/temperature. The
1.0., however, continued to increase with time and temperature attaining
a depth two to four times greater than the scale thickness. This
provided additional support for the hypothesis that vaporization of
oxides is significant at temperatures greater than 18000 F.

(3) The growth of I.e.,follows parabolic kinetics within the accuracy of
measurement (this will be covered in more detail in a subsequent
section),

(4) Only very slight spalling of surface oxides was observed after an
exposure of 1000 hours at 20000 F.

(5) Alloy depletion or y' dissolution was not detected since this alloy
does not form y'. However, a zone, irregular in thickness and
depleted of carbides was found to exist below the oxide scale.

The results of X-ray diffraction studies of oxidized specimens obtained
employing various techniques are summarized in Table XII while Tables XIII
and XIV present typical X-ray diffraction patterns of the reaction products.
Figure 32 summurizes the results of microprobe traverses through the oxide
zone after exposures of 100 hours at 1600, 1800, and 2000'F.

By combini.ng the results of the metallographic evaluation, X-ray identifi-
cation and microprobe analysis, the nature of the oxidation reaction can be
understood. During the initial stages of oxidation at 1600 and 1800 0 F,
the rhombohedral phase, 0-Cr03 , is the primary scale product with traces
of MnCr.O 4 spinel. X-ray diffraction of surface oxides in situ shows
mixtures of the cubic spinel MnCr.O 4 and e-Cr2O3 at temperatures between
1600 and 2000'F for times up to 1000 hours. With increasing temperature
or time at temperature, MnCr2O, becomes the predominant oxide phase with a
lattice parametr which varies from 8.491 at 1600OF to 8.43k at 2000cF.
Correspondingly, the apparent abundance of ot-Cr2O% decreases with increasing
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60

• ~ ~ ~ ~ ý . . ......

M1785
(a) 1000 Hrm/18iOuF Note Two-Phase Surface Oxide and Encirclement of
Metallic Grain.

-,.., -'.'S. ,..

4 ,

M1 778

(b) 1000 Nra/20000' Note Metallic Particles in Surface Scaie.

FIGURE 31 Typical Scale and Subscale Morphology for Ruene Y Oxidized

In a Static Atmosphere. Mounted on 5:1 Taper 8octiotis.

Unetched (500X).
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TABLE X111
TYPICAL X-RAY PATTERN OF' SPALLED OXIDE FROM

RE.N9 Y AFTER 1000 HOURS9/2000OF IN STATIC AIR

C hk 1

Rhomb MnCraO. NiO
Matrix (a,,5.361) Cubic Cubic

3.60 W - 012 --

2.95 VVW - - 220-
2.65 s - 104 --

2.53 s - - 311-
2.47 S - 110 --

2.42 VVW - - 222-
2.40 VW - - -11

2.16 W - 113--
22.10 VW - - 400
2.075 W ill. - -. 200

1.810 W 200 024 - -

1.7210 VVW - - 422
1.665 S - 116 -

1.619 W - - 511

1.571 VVW - 112 -

1.488 m - - 440 -

.1.473 W - - - 220

1.462 W - 214 - -

1.429 VS - 300

1.331 VVW - 620-

1.293 W - 1.0-10 --

1.284 w - 533-
1.238 'I - 220 -

1.217 VW - - 444

1.210 VW - :306 - -

1.205 W - - - 222
1.173 VVW - 128,312

S = strong; M inediuin, W -wuk; V
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TABLE XIV

TYPICAL X-RAY DIFFRACTION FROM SURFACE OXIDES

FORMED ON RENA Y AFTER 100 HOURS/2100BF IN STATIC AIR

h k I
c-Cr 2 03

MnCr.20 4  Rhounbohedra 1
Spinel,Cublc (o -5.371)

d(l)* I/I. (1o-B.441) (01=55.4°)

**4.19 10 --

3.65 29 - 012
2.99 50 220
2.67 33 - 104
2.55 100 311

2.49 25 - 110
2.18 11 - 113
2.11 17 400
1.81 8 - 024
1.72 8 422

1.67 21 - 116
1.625 25 511,333
1.492 27 400
1.467 8 214
1.433 10 531 300
1.287 B 622 1.0'10

** Uniduntified line - corresponds to strongest rCeflection
from SiOQ (cristobalitt)

, Reflections from base metaol haLve beun umiLtcd
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100 hrs/1600*F 100 hrs/1800 F 100 hrs/2QQ0 F

~01ri LQ.i.~i. INi Ni

Cr Cr- -- ,
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I0-

lo-

_____ Fe Fe F

30[

0 0
DISTANCE (Idiv0.rO.mil)

FIGURE 32 Micyroprobc Tr~uvctv-o HosPults, 'Ot1 110r16 Y (Hout No. 1) Stat ic
Ox dit.at~onl Tus4t SpoeC tunun
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temperature and displays a lattice contraction to the theoretical value
at 20000F. X-ray diffraction results of spalled acide products and
protrusions formed at 2000"F indicate that CrN . in overgrown with
*MnCr 9O5 spinel but is still present in significant quantities. This is
also evident from the microstructures (see Figures 30 and 31) where the
darker outer scale product is MnCr.O 4 . X-ray diffraction of electrolyti-
cally stripped oxides from specimens oxidized at 2000OF indicated trace
quantities of Si• (cristobalite). This phase is amorphous at lower
temperatures and therefore not detectable by X-ray.. The microprobe analysis
corroborates the X-ray data and indicates the following additional features:

(a) The spinel phase is MnCr.O 4 (24 w/o M• and 46 w/o Cr) and overgrows
the Crg~a phase which contains 05 w/o Cr.

(b) Sicý with trace quantities of MnxOy are the primary internal oxides
present. The stoichiometry of the MnxOy could not be ascertained,

(c) The expansion of the Cr2O 3 lattice parameter at the lower temperatures
is due to the solubility of Mn and not Mo or Fe since the concentrations
of these elements in the scale are negligible.

(d) At 1600-1800OF there is an increase in the concentration of Fe and
Ni just below the oxide scale. At 2o00oF however, both Ni and Fe
display some solubility in the oxide and may yield (Mn,Ni)Cr 2 O4 and
(Cr,Fe),Oa mixed oxide phases.

A summary chart for the reaction products formed on Rcnl Y tis a function of
oxidation time and temperature is shown in Figure 33.

The cause of anomalous oxide protrusions previously illustrated (Figure 29)
during high (> 1800°F) temperature oxidation of Reno Y (Heat No. 1) has boon
resolved. An X-ray analysis of these protrusions indicated the additional
presence of NiO and matrix. By referring to Figure 34 and 30(a), the
sequence of events resulting in these protrusions is apparent. At the higher
temperatures (Figurn 30(a)) the Cr2O3 displays some preference for formation
in grain boundaries. This results in the isolation of grains, depletion
of chromium from the matrix through seloctive oxidation,subsoquont reduction
in the oxidation resistance of the remaining matrix, and finally the forma-
tion of NiO at a significantly faster rate which promotes the "ballooning"
effect indicated in Figure 34. The fact that this phenomenon is not
ob&erved for Heat No. 2 must be related to subtle differoncus in proessing
(grain size, otc.,) or the distribution of elements between the two hoats.

Additional ilnormat:ion rt:garding the oxidation bohavior of' this alloy,

specifically the role of Mn and La. additions will bo coveroed in subsequent
sections.
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M1789

(a) 400 Hrm/2000*F Eurly Stage~ of Growth Where Coheretim, With

Surface Oxide is Maintained. (500X)

V%

( b) 400 Hrb/20(00*F Latte1 r Stal II .1' (j.r URwIh Dt NpIu yIiij; Liik iii'

Adhe~rence.o (20X)
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4.2.4 SM-200 Oxidation

The oxidation reactions of this alloy are more complex than the previously
discussed Rene Y. This complexity can be attributed to:

(a) Reactive element activities which are highly sensitive to temperature
yielding internal and external oxidation which does not vary in a
simple manner with temperature.

(b) A heterogeneous oxide scale which results In oxide spalling and
dif fficultyindetermining the extent of oxidation and oxide morphology.

In general, the scaling and subscaling processes which occur during normal
exposure compete for the solute elements. If the solute activity is low
and if it is much less noble than the major surface oxide constituent,
internal oxidation or grain boundary oxidation will result. If, however,
the activity is sufficiently altered by an increased concentration of solute
(as by enhanced diffusion) this will result in oxidation of the reactive
clement as a part of the surface scale. The critical nature of this com-
petition is well demonstrated by the microstructures of oxidized SM-200,
shown in Figure 35. Aside from illustrating the general morphology of the
oxidation products and associated interaction with the base m'ital, the
sequence displays the fine balance between surface oxide and internal oxide
formation. After 100 and 400 hours at 1600 0 F, (Figure 35(a)) the classical
type salt and pepper 1.0. (probably A]2O,) is formed. After 1000 hours (Figure
35(b)) at temperature, the 1.0. is still present but agglomeration has occurred
which essentially produces a continuous internal scale of A1.03 , minimizing
the formation of additional 1.0. by providing a stable diffusion barrier.
After an exposure of 100 hours at 1800"r (Figure 35(c)), only remnants of
1.0. are observed and finally at 2000'F no 1.0. is noted. At 1800OF and above,
the enhanced diffusion rate, or perhaps the dissociatLion of y', increases the
effective concentration of aluminum at the metal/scale interface making
its incorporation into the scale more favorable. The fact that traces of
1.0. are observed at 2800'F may reflect inhomogeneitics in the alloy, but
clearly indicates the close balance which exists between scale and subscale
formation. It should bo pointed out that in theory once oxygen and solute
element concentration gradients are produced within the alloy which satisfy
the conditions required for internal oxidation at a specific temperature,
the internal 9xide precipitation will continue to form regardless of the
exposure time . The practi-al exception to this rule is illustrated in
Figure 35(b) where inhomogencitieo in the alloy in the form of primary y'
particles caused the apparent cessation of X.O. The converse to the above
statement does not necessarily hold. That is, continued oxidation at a
specific temperature where I.C. is not initially formed may yield conditions
conducive to its formation due to compositlonal changes which occur in the
subscale region.
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I 4P

M4602 M4601

(a) 400 Hrs/2.60043F Note Classical (b) 1000 Hra/16000 F Note Cessation
Salt and Pepper Type 1.0. Of 1.0. Penetration by a Front of

Agglomerated 1.0.

AAA

M4600 M3947
'4 ()100 Hrs/18000F Note Only Reminants (d) 100 Hrs/2000*F Note Multi-Ph.ase

I' Of 1.0. at This Temperature, Scale and Isolated Regions of 1.0.
From I.G.A.

FIGURE 35 Typical Scale and Subscale Morphology Produced in SM-200 Oxidized

For Various Times and Temperatures in Static Air. Mounted on

5:1 Taper Sections. Etched in 2% Chromic' (250X).
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The measurements of the extent of reaction for this alloy are presented
in Table XV. As indicated by the weight-change data, the alloy was subject
to spalling during cooling from 18000F and above. The extent of this
spalling may at first appuar great so it should be emphasized that the
weight of the spalled products includes not only the oxygen gained to
form the oxide but also the weight of metal it combines with, whereas
weight-gain measurements with no spalling include only the weight gain
due to oxygen pi-kup. Therefore. only about one-third of the weight of
the spalled products can be attributed to oxygen. Due to the spalling
which occurred, identification of the original metal interface was difficult.
This in turn decreases the absolute accuracy of the 1.0. and y' dissolution
measurements. An identification of the reaction products is also made dif-
ficult due tn oxide mp,1l1ing. This is particularly true for the microprobe
analysis where the spalled oxide is not included in the trace. In such
instancus more reliance is placed upon X-ray results of spalled products
for an identification of the oxides present at temperature.

The results of X-ray diffraction studies conducted on this alloy are sum-
narized in Table XVI while Tables XVII, XVIII, and XIX illustrate typical
X-ray diffraction patterns of spalled and electrolytically stripped oxide
products. Figure 36 presents the microprobe traverse results of specimens
exposed for 100 hours aL 1600, 1800, and 20000 F.

The oxidation of SM-200 cannot be considered as a progression of a certain
oxidation process with time and temperature but rather entirely different
modes of oxidation occur at each temperature which then progress with time.
The initial oxide formed at 16000F is a spinel whose lattice dimensions
suggest (Ni,Co)Cr;O4, Continued exposure in the thin film region produces
a mixed (Ni,Co)(Al,Cr).0 4 type spinel with second phase protrusions of
Ti• and a tentatively identified tungstate (WO). After 100 hours exposure,
an oxide scale rich in Cr.03 with a heterogeneous* distribution of NiCr 2 04
and TiO2 and an 1.0. zone containing primarily A12 03 isiobserved. Continued
exposure to 1000 hours does not significantly alter the products but as
previously noted, does cause agglomeration of the 1.0. products. During
the initial (thirty minutes) exposure at 18000F a surface scale is formed
containing a heterogeneous mixture of NiCr.O 4 spinel, (Cr,Al),O, NiO, and
TiO. in order of decreasing abundance. Increased exposure to 100 hours
producos WiCr.O 4 + NiAl,04 duplex spinal scale with dispersed TiO% and an
1.0. of A1.0 3 . After 1000 hours the notable addition of TiN and possibly a
tungstate phase to the subscale is observed. At 20000F, the oxide scale
produced is extremely heterogeneous,as evidenced by visual observation
and the phase analysis. The data of Table XVIII illustrate the simultaneous

*The term "heterogeneous" used throughout this report does not indicate oxide layer
formation but rather an oxide mixture.
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TABLE XVII

TYPICAL X-RAY PATTERN OF PRODUCTS ELECTROLYTICALLY STRIPPED

FROM SM-200 AFTrER 1000/180OoF IN STATIC AU1

iij. hk 1
A ~S pinel)

CI-A 12 03  cubic TiO2  TiN
LA I/I Trgoal S 805k) Teraonal Cubic

4.65 W - 111 - -

*3,75 VW ....- :
*3.60 VW -.... "

3.50 M 012 - - -

3.25 M - - 110 -

2.89 M - 220 -
2.55 M 104 - -

2.50 S - - 101,. 2,43 S - 311 - i11
2.37 W 110 - -

2.29 VW - - 200
*2.26 VW - - -

2.18 S - - ill
2.13 W - - - 200
2.08 M 113 - -

2.05 VW - - 210
2.02 M - 400 - -

1.96 VW 202 - - -

*.1.89 VW -...

1.74 M 024 - -

1.69 W - 422 211
1.60 M 116 - -
1.55 M - 511 - -

1.535 M 211 .- -

1.460 VW - - - 220

1.425 W - 440 - -

1.401 W 124 - - -

1.370 W 030 531 - -
*1.315 W - -'

4.

S = strong; M medtium; W = weak; V = very

j. * Unknown phase, most probably a tungstate

(a) Most probably NiA1,%04
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ii,

TABLE XVIII

TYPICAL X-RAY PArERN OF SPALLED OXIDE FROM

BM-200 AFTER 100 HOURS/2000OF

h, k, 1

Spinel(a) Spinel(b)

Cubic NiO Cubic O-A 10 3  NiT lOa
d(l) I/ (a, =8,28k) Cubic (so =8.06A) Trigonal Rhomb

4.78 W Ill -...
*4.00 VYW - - - -

3.70 VVW - - - 102
*3.57 VVW - - - - -

3.45 VVW - - - 012 -

*3.30 Vw - - - -

3.22 VVW 220ý - -.

2.93 M 220 - --

2.88 VVW - - 220 - -
2.75 VVW 311- - - -

2.71 VVW .- - 104
2.53 vVW - - - 104 110
2.49 VS 311 - - -
2.40 W - Il 311 - -

2.33 VVW - - - 110 -

2.28 VVW - - -

2.21 VVW - - 113
2.09 W - 200 113 -
2.07 W 400 .- -.

2.03 VYW - - 400 - -

1.75 VVW - - 224 -
1.72 VVW - - - 116
1.69 W 422 - - _
1.65 VVW - - 422 - -
1.61 VYW 4400 - - -

1.595 M 511 - 116
1.475 VW - 220 -

1,467 S 440 --
1.311 VW 620 - -

*1.267 W - - -

1.258 VW 533 311 -
1.252 VVW - -

1.206 VVW - 222 -

1.196 VVW 444 -

S x gtrong; M = medium; W = weak; V= very

* Unidentified phase probably a tungstate

(a) Most probably NiCrgO4

(b) Most probably NiA1O4
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TABLE XIX

TYPICAL X-RAY PATTERN OF PRODUCTS ELECTROLYTICALLY STRIPPED

FROM SM-200 AFTER 100 HOURS/2000°F IN STATIC AIR

hk 1
:,, Spinel(a)

Cubic 01-AlgO 3  TiO9  TIN
d(_ ) I/_o (00=8.021) Trigonal Tetragonal Cubic

4.65 W 111 - -

*3.70 VW ...
*3.58 VW .
3.48 W -012 -

3.25 W - 11 I0
2.88 M 220 ---

2.34 VW - 104 - -
2.42/2.53 S 311 - 101 ill

2.37 VW - 110 --
2.30 VW -- 200-

2.17 W - 006 111
2.12 VW - - - 200
2.08 W - 113 - -

2.02 W 400 - - -

1.95 VW - 202 - -

*1.85 VW -..

*.1. 78 VW .-..
1.74 W - 024 - -

1.67 W - - 211 -1.64 VW 422 - -

1.595 M - 116 - -
1.550 W 511 211 - -

1.425 M 440 - - -

1.400 VW - 124 - -

1.370 W 531 030 - -

*1.315 W ....
1.255 W 533 - 301 -

1.230 W - 1i0'10 - -

1.070 VW - 134 - -
1.050 W 731 226 -

S = strong; M medium; W = weak; V very
* Unkown phase most probably a tungstate.

(a) Most probably NiAla04
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FIGURE 36 Microprobe Traverse Results for SM-200 (Heat No. 1) Static
Oxidation Test Specimons
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identification of NiCr.O 4 and NiA 904, spinel phases as part of the spalled
products. Since those two phases are mutually soluble, their separate
identification indicates that the oxides form on different areas of the
specimens. This would reflect local inhomogeneities within the material.
These inhomogeneities when combined with the heterogeneous nature of the
scales formed makes identification of the exact oxide position within the
scale difficult. The majority of data indicate that after 100 hours
exposure at 2000OF the NiCrO 4 spinel and the Ti containing oxide
(TiON or NiTiQs) spall leaving an oxide rich in NiAl,0 4 , ce-A10, and an
unidentified tungsten rich phase. Increased exposure time to 1000 hours
results in the exfoliation of almost all the oxide phases produced leaving
primarily a-AlO and some NiAI,0 4 . Referring to the microprobe analysis
(Figure 36) the tendency toward Al base oxide formation with increasing
temperature is quite pronounced. Supplementary to this is the apparent
decrease in the extent of Cr depletion and an increase in W content
beneath the oxide scale. These latter two effects suggest that W provides
a "diffusion barrier" to Cr.

A simplified phenomenological summary of the prime reaction products formed
during oxidation of this alloy is illustrated in Figure 37.

4.2.5 IN-100 Oxidation

Microstructures depicting the morphology of the oxidation reaction for this
alloy at the various times and temperatures are presented in Figure 38, while
measurements showing the extent of reaction are given in Table XX. As
described for SM-200 this alloy also exhibits a heterogeneous oxide scale
which promotes spalling after testing for 1000 hours at 1600OF and above
but shows essentially no 1,0, and considerably deeper I.GO. than SM-200. The
heavy spalling exhibited by IN-100 made the microstructural characterization
difficult. A summary of the microstructural features observed for this alloy
is given below:

(a) The variation between heats is not considered significant.

(b) The onset of spalling occurs at a lower temperature than SM-200, but
the amount of oxide spalled at any time/temperature is less.

(c) Although the oxide scale of IN-100 is twice the thickness of
Rene Y the gross 1.0.0. penetration is of the same magnitude. However,
there are isolated regions whore the massive I.G.O. exhibited for IN-100
is more than twice the depth exhibited by Rene Y and at least five
times greater than SM-200, For this reason both the gross and maxi-
mum depth of 1.0.0. have been reported.
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M47 17 M4 718

(a) 100 Hrs/1600OF Note Irregular (b) 1000 Hrs/16000F Note
Scale with Isolated 1.0. Excessive Porosity.

M47 19 M472 7

(c) 100 Hrs/1800OF Not's Decreased (d) 100 Hrs/2000OF Note Multi-Phase
Scale Thickness and Intergranular Oxide and Increased Intergranular
Penetration. Penetration.

FIGURE 38 Typical Scale and Subscale Morphology for IN-J.00 Oxidized

In a Static Atmosphere. Mounted on 5:1 Taper Section.

Etched in 2% Chromic.
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(d) The microstructures are notably free from the classical type 1.0.
which was observed for the other nickel-base alloys during some
stage of the oxidation process.

The results of the microprobe traverses through the oxide are summarized
in Figure 39. Of interest is the high nickel, titanium, and aluminum con-
centrations in the scale and the correspondingly low chromium content. The
X-ray results are summarized in Table XXI while Table XXII illustrates the
X-ray pattern of a synthesized NiTiO perovskite-type oxide used for a more
precise oxide identification. Tables XXIII and XXIV present actual diffraction
patterns obtained from spalled and scraped oxide specimens. All of this
analysis when combined with observations of the general microstructural
appearance yields a relatively complete characterization of IN-100 oxidation
as follows:

Thin film studies at 16000P (see Section 4.2.1) vividly displayed the
multi-phase oxide formed during short-time exposures. The copious amount
of TiO• which initially forms within the (Ni,Co)O base oxide appears to
have significant bearing on the relatively poor oxidation resistance of
this alloy. After 100 hours at 1600°F the prime surface oxide remained
cubic (Ni,Co)O containing approximately 20% Co (as verified by the increased
NiO lattice parameter and microprobe results) but considerable "perovskite"
NiTiO3 and NiCr.O 4 type spinel phases were also detected. The subscale con-
tained small amounts of Also, and Ti(±. Increased exposure at 1600'F to
1000 hours produced little change in the oxides present, however, the NiCr 9 O4
and NiTiO. overgrowths became separated from the subscale by a relatively
continuous etring of voids. The formation of an acicular precipitate,
previously identified as TiN was also observed. Oxidation behavior at
1800OF was generally characterized by a decrease in the abundance of NiO
which no doubt combined to form the more predominant compound oxides

NiCr2 O, and NiTiO3,. The subscale oxide still contained A12 3 and TiO2 .
Increased exposure at 1800OF produced considerable oxide spalling. An
analysis of the spalled products indicated primarily NiCrQO 4 spinel and
NiTiO., and trace quantities of NiO. This implies that spalling occurs at
the interface between the NiCr2O 4 ,/NiTiO3 and the Al2 Oa/TiO2 subscale.
Therefore, under cyclic operation where spalling may result, A1203 and
TiVO would be exposed to the environment. X-ray analysis taken from the
surfaces of spalled specimens also indicates the presence of NiTiO3 . Since
TiO is one of the original phases formed and that reaction with NiO will
readily produce NiTiO, it is suspected that the formation of this phase
is responsible for the massive intergranular attack characteristic of IN-lO0.
Oxidation at 2000OF is very complex and implies extremely heterogeneous
oxidation. After 100 to 400 hours exposure the spalled products contain
NiCr2O4 , NiTiOs, NiO, and trace quantities of a Ni(CrAl) , 0 4 , A120, TiO2 ,
and NiTiOa. Here again spalling appears to o'cur between the compound

oxides (i.e., NiCr2O 4 , NiTiO8 ) and the simple subscale oxides (i.e., Al1o2
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FIGUIRE 39 Microprobe Traverse Results for IN-100 (Heat No. 1) Static

Oxidation Test Specimens
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TABLE XXII

X-RAY IDENTIFICATION OF NiTiO2

ASTM Card*
#3-1157 Synthesized

hkl d~l) 7i/o d(A) I/I

102 3.71 40 3.708 28
104 2.716 80 2.718 100
110 2.532 80 2.525 65
113 2.212 60 2.214 29
204 1.852 60 1.845 40
116 1.704 80 1.702 64

108,212 1.607 40 1.605 12
214 1.490 100 1.489 28
300 1.459 80 1.455 31
208 1.358 20 - -

1'0'10 1.318 80 1.317 15

217,220 1.265 80 1.259 7
306 1.234 40 1.229 4

218,312 1.193 60 1.193 6
2'0"10 1.169 60 1.167 7

314 1.145 60 1.142 8
226 1.107 80 1.104 10

2'110,309 1.060 80 1.058 9
318,322 0.993 60 - -

110,14,324 0.963 100 0.960 10
410 0.954 60 0.951 6

0.909 8
0.879 9
0.845 8
0.838 5
0.809 5
0.801 4

Indexed as hexagonal (rhom, div.) S.G. e•l Rf
So 5.448, a = 5500"
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TABLE UXII
!J

TYPICAL X-RAY PATTERN OF SPALLED OXIDES FROM

IN-100 AMI'ER 1000 HOURS/2000 F IN STATIC AIR

hk 1
Spinel(O) Spinel(b)

cubic cubic NiTiO3  •-AlgO 3  Tb23
d•) I/I0 (. 0 =8.090 ) (ae.29 1 ) Rhom Trigonal Tetragonal

4.70 VW 111 111 - -

3.68 W1W - - 102 -

3.45 1r1W - - - 012

*3.38 VVW ..- - -

3.22 VW - -. 110 -r

2.91 VW - 220 ...

2.85 W 220 - --

2.69 W - - 104 -

2.50 W - - 110 104 -

2.48 W - 311 - - 101

2.43 S 311 .-..

2.20 V1W - 113 -

2.19 WW .- - - 111
2.08 W1W - - - 113

2.06 VVW - 400 - -

2 . 0 2 M 4 0 0 - ....

1.84 VW - - 204 -

1.74 VW - - - 024

1.695 W - 422 116 - -
1.685 VW - - - 211

1.650 VYW 422 ....
*1.620 1W - - - -

1.600 V1W - 511 212 116
*1.581 VW - - - -

1 .555 W 5 11 .-..

1.485 VW - - 214
1. 465 VW 4 '40 -

1.450 W - - 300

1.430 M 440 .- -

1.400 VYW - - - 124

1.372 VVW - - - 030 -

1.359 VVW 531 - 208 - 301
*1.345 VVW - - -.

1.312 W1W - 620 10'0 -

1.278 WVW 620 533 - -

S = strong; M medium; W = weak; V = very

* Unknown lines

Most probably NiAl1O 4

(b) Mom t probably NiCrgO4

9F... ...

p



TABLE XXIV

TYPICAL X-RAY PATTERN OF OXIDE SCRAPPED FROM

IN-100 AFTER 1000 HOURS/20000F IN STATIC AIR

hk 1
TiOa

Spinel(8) Tetragonal
cubic (ao=4.59X) oY-A1.2O 3  NiTiO3

d(l ) I/I (ao-8.09k) (cS&2.071) Trigonal Rhom

4.69 W 1il - - -

3.49 VW - '- 012 -
3.23 M - 110 - -

41,86 M 220 - - -

2,70 M - - - 104

2.54 VW - - 104 110
2.49 VW - 101 - 110
2.43 S 311 - --

2.19 VW - ill - 113
2.08 VW - - 113 -

2.02 M 400 - - -
1.84 VW 331 - - 204
1.74 VW - - 024 -
1.69 M - 211 - 116
1.65 VW 422 - -

1.82 VW 220 - -
1.60 W - - 116 -
1.55 M 511 - - 108
1.485 VW - 002 - 214
1.450 VW - 310 300

1.430 M 440 - - -
1.365 VW 531 - 030
1.235 W 533 - 1'0.10
1.170 W - 321
1.080 VW 642 -

1.054 W 731 - - _
1.014 VW 800 - - -

0.935 VW -...

0.826 VW 844 - .

S strong; M = medium; W = weak; V f very

(a) Most probably NiAlaO4
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Ti%)4 As indicated previously for SH-200, the simultaneous identification

of Ni-Cr and Ni-Al spinel oxides indicates the existence of local alloy
inhomogensitisn. During the 1000 hour exposure, massive protrusions also
became apparent on the specimen surface. An X-ray analysis of theme
"pock." indicated the presence of Ni(Al,Cr)s0 4 , Ti.0, NiTi% and at-A 9 CO3 .
Metallographic evidence exists which associates these "pocks" with the
deep intergranular penetration of oxide into the parent metal. The high
Ti content of these oxides is noteworthy.

A summary of the reaction products formed on IN-1O0 as a function of time
and temperature is presented in Figure 40. It should again be emphasized
that theme products represent those expected while at temperature.

4.2.6 Inoo 713C Oxidation

The microstructures of representative oxidation specimens of Inco 713C
exposed at various times and temperatures are illustrated in Figure 41.
The accompanying microstructural measurements are summarized in Table XXV.

This alloy exhibits the same general features as the other cast alloys,
namely, oxide spalling and heterogeneous oxidation. Some specific features
observed during the evaluation are

(a) The heat-to-.heat variation is negligible.

(W) Although the total weight gain is notably less for this alloy
as compared to SM-200 and IN-100, the oxide phase coherency also
appears to be less since spalling occurs after a much lower total
weight gain.

(c) The type of scale formed and the extent of internal attack is more
similar to SM-200 than IN-100 although the internal oxidation typified
by the low-temperature oxidation of SM-200 was not observed (Figure
41(a)). The type of internal oxidation produced was more typical
of 1.0.0. which is distorted by the taper mounting procedures employed

(Figure 41(c)).

(d) The interactions between oxides and/or metal inhomogeneit-les
produced a heterogeneous surface scale as shown in Figure 41(b) where
the subscale is illustrated protruding through the original surface
oxide scale.

'J

The results of the X-ray diffraction studies for Inca 713C are summarized
in Table XXVI, while Tables XXVII and XXVIII represent typical X-ray dif-
fraction patterns obtained from spalled and electrolytically stripped j
oxide specimens. The quality of the X-ray diffractometer patterns obtained
for this material was not always considered optimum. The large grain size
of the starting material and the associated anisotropy of film growth

yielded results difficult to interprjt. This was particularly true for
specimens oxidized at 1600 0F.
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21

U47 13 M4604

(a) 100 Hra/16000F Note Reatl ively (b) 100 Hrml/1800F Note Subscale
Thin Oxide Scale. Protruding through Original Oxide

Scale.

jj~

M4 718 M3951

(c) 1000 Hra/180061 Note Irregular (d) 1000/20000'I Note Multi-Phase
Oxide Scalle. Oxide and Coarsened y'.

FIGURE 41 Typical Scale and Subbuale Morphology Produced In 114CO t~

Oxidized for 100 Hours in Static Air. Mounted on 5:1 Tapors.

Itched with 2% Chromic (280X)0
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TABLE XXVII

TYPICAL X-RAY PATTERN OF PRODUCTS SPALLED

FROM INCO 7130 AFTER 100 HOURS/2000 0 F IN STATIC AIR

hk 1
Spinel(a')" SpinelI(b)

cubic a-A1l03 cubic
d(•) I/I•. (a82=8.294) Trigonal. (ao=8.08&)

3.46 VVW - 012 -
2.92 VYW 220 -
2.85 V1VW - - 220
2.54 VW - 104 -
2,49 S 311 - -

2.43 M - 311
2.37 VW - 110 -

*2.20 VVW . - -

2.08 VW - 113 -

2.03 VW - - 400

*1,90 VVW - - -
1.73 VVW - 024 -
1.60 VVw 422 - -
1.67 VVW - - 422
1.60 W "i11 116 -

1.56 VVW - - 511
1.54 VVW - 211 -

*1.525 VVW - - -

1.465 VW 440 - -

*1.440 VVW - - -

1.430 VW - 440
1.403 VW 124 -
1.373 VW - 030 -
1.360 VVW - - 531
1.238 VVW - 10'10 533

S = strong; M v mudium; W weak; V very

* Unidentified lines

Most probably NiCr2 O4

(b) Most probably NiA10 4
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TABLE XXVIII

TYPICAL X-RAY PATTERN OF PRODUCTS ELECTROLYTICALLY STRIPPED

FROM INCO 713C AFTER 100 HOURS/2000P' IN STATIC AIR

h k 1.

.Spnel(o)
01-A1g0 3  Cubic TiO TiN

d(4) Trional (a_8.10) Tetgonal Cubic

4.70 M i iil

3.50 M 012 - - -

3.27 M - - 110 -

2.87 W - 220 - -

2.55 S 104 - - -

2.51 W - - 101 -

2.45 S - 311 - ill
2.38 W 110 - --

2.30 VW - - 200 -

*2.26 VW .- -

2.20 VW - - 111 -

2.13 W - - - 200
2.08 S 113 - - -

2.02 M - 400 -

1.96 VW 202 - - -

1.74 M 024 - - -

1.70 M - - 211 ..
1.65 VW - 422 - -

1,63 vw - - 220 -

1,60 S 116 - - -

1,56 w - 11 - -1

1.51 w 018 - -

1.465 VW - - 310 -

1.431 S - 440 - -

1.405 M 124 -

1.371 S 030 531 - -

1.310 VW - - 311 -

1.23 L M 1'0'10 533 -

1.100 VW - - 212
1.123 VW - 640 - -

1.079 w 134 -- -

1.055 VW 226 - -

* Unidentified

Most probably NiAIgO 4
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The microprobe analysis data which is summarized in Figure 42 when combined

with the x-ray phase analysis and general mLcrostructures indicate the

following oxidation behavior for this alloy.

As indicated in section 4.2.1, short-time exposures at 1600OF produce NiO
with Ni(Cr,Al)aOi overgrowths. Increasing the exposure to 100 hours yields
a surface scale containing mixed v-Cr 2 O3 and NiCr2O 4 spinel oxide and an
aluminum-rich subscale (probably Alt03 ). After an exposure of 1000 hours
little change occurs. At 1800OF the (AI,Cr)2Oa subscale protrudes through
the original NiCr 1 O4 oxide in isolated regions see Figure 41(b) which
induces spalling. After 1000 hours a heterogeneous scale is produced
containing NiCr 2 O4, o'-A1 2 0I and an unknown phase*. Since the alloy contains
covsiderable Cb, oxides containing this element were suspect. A microprobe
analysis was performed but no increase in Cb was detected in the oxide.
Exposure for 100 hours at 2000*F produced spalling between the Ni-Cr rich
(NiCrQO 4 ) and the Al containing oxides (Al203 and NiA120 4 ). Continued
exposure produces increased amounts of CY-AlaO3, NiA12 0I and internal oxides
of Cr2O 3 , TiOQ and TIN. Although this alloy contains less than lw/0 Ti,
an analysis of oxide protrusions formed after 1000 hours indicated sufficient
Tiaj for detection (> loV/ 0 ).

Ref erring to the microprobo analysis of this alloy (Figure 42) three features
are noteworthy:

(a) increased Al in the scale with increasing temperature.

(b) the elimination of suboxide Cr depletion at 2000*F. In fact, there are
indications of Cr2Oa internal oxide formation.

(c) the absence of Mo in the oxide and the obvious concentration buildup
below the oxide scale.

A summary of the main stages of oxidation for this alloy as a function of
time and temperature are given in Figure 43.

4.2.7 U-700 and Rene 4J Oxidation

A thorough evaluation of the scale and subscale processes and their rates of
formation have previously been determined for U-700 and Rene 4 1 (2).
Therefore, these studies were conducted to determine some of the features of
their oxidat t on behavior to establish abase line for other studies which were
performed. Of prime interest are the general microstructures and oxidation
measurements for later comparison with flame tunnel and surface preparation
test specimens.
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Figure 44 shows the typical oxide morphology and Table XXIX summarizes the
metallographic measurements for U-700. This sequence of microstructures
depicts the marked influence of less noble element activities on the subscale
morphology and the subsequent oxidation behavior. A microprobe analysis
taken from the same specimens is illustrated in Figure 45 and shows the
respective compositional changes that occur in the oxide film. At 1600OF the
scale is primarily Cra0s, NiCr2O4 with trace quantities of TiOa or NiTiOs.
The internal oxide consists of a fine dispersion of AImO3 . The activity
of the Al in soiution is thus considered relatively low as compared to
Cr. At 180091? the scale still contains Cr-and Ti-base oxides but the activity
of Al has increased considerably. This latter effect is eviduniced by the
shallowness of the internal oxide penetration and the agglomeration of
AlsO3 along sub-grain boundaries. Since internal oxidation is controlled
by both cation and anion diffusion, this 1.0. thickening implies Accelerated
Al diffusion at this temperature. At 2000OF the activity of Al has increased
to the point where scale formation is thermodynamically favored. The
microprobe analysis clearly inuilcates the formation of a dense A12O0 subscale.
The fact that there is no Cr depletion in the subscale region is further
evidence that Cr-base-oxide formation is no longer favored. The absence
of internal oxides at this temperaturo is not unusual since the subsoale oxide
contains the least noble constituent in the alloy and there are no elements
available which will, reduce A120 3 at the scale/metal interface to form
initernal oxides. The increased aluminum activity observed with increasing
temperature is considered a result of y diasolution as indicated by the
measurements in Table XXIX. Hence at 18006F sufficient y dissolution
occurs to produce a relatively dense 1.0. network. It should be emphasized
that the sequence of microstructures shown in Figure 44 is not to be
alternately considered representative of the progressive oxidation at any
one temperature. Each of the structures shown is representative of that
temperature and increased test time influences only the magnitude of -the re-
actions indicated.

The typical scale and subscale reactions for Rene 41 after various time-
temperature exposures are shown in Figure 46. The corresponding metallographic
measurements are presented in Table XXX and the results of the microprobe
analysis are summarized in Figtre 47. The extent of internal oxidation
displayed by this alloy is greater than any of the other alloys evaluated.
In contrast to U-700 behavior, the type of internal oxidation observed is
independent of temperature. However, this behavior may also be explained
by considering the thermodynamics of the system. Constitutionally Rene 41
contains more Cr, one third the Al and the same Ti content as U-700. It iq
the activity balance between Cr and Al which dictates the nature of the
oxidation process. Hence,although y dissolution also occurs in this alloe:
the aluminum activity never surpasses the large Cr activity and a Cr2O3
oxide scale and an A120 3 internal oxidation zone prevails at all temperatures
and times. In fact, it is this moderate concentration of the less noble
aluminum that causes the excessive internal oxidation, since Cr20 3 w-.l always
dissociate at the oxide/metal interface providing Om for the formation of a
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more stable A19S oxide. The morphology of the internal oxides doom imply
control by Al diffusion as discussed in the following section.

4.2.8 Internal Oxidation Kinetics for Rene Y and Ren4 41

The two sheet alloys Rene Y and Ren4 41 were the only L.lioys studied which
exhibited a continuous internal oxidation mone over the time and temperature
range of oxidation studied. If the formation of these internal products is
diffusion controlled, the advance of the internal oxidation front should
follow parabolic kinetics defined by the following equation:

tKt + C (1)

Where * depth of 1.0. or I.G.O. from metal oxide
"interface in mils/side(assumes metal/oxide
intertaoe equals original metal surface and
interface movement << )

K ,- parabolic rate constant (mils"/hr)

t w time in hours

C u constant

The parabolic nature of the process is demonstrated for these alloys by the
linear relation between P 2 versus t shown in Figures 48 and 49. The
resultant rate constants (K) calculated from the slopes of these curves are
tabulated below:

Rate Constant "K" (Mil2/Hr)

TampeF p Reno 41 Rona Y

1600 5.45 X IC"4  1.95 X I0"r

1500 2.41 X l0" 4.80 X 10"'

2000 J. 52 X l0T 1.37 X 10"

The relation between "K" and temperature in given by the
general rate equation:

*A)X (2)

A plot of log K versus 1/*l yields a straight line illu:itrated in Figure 50,
the slope of which represer i the activation energy for the process, By
combining Equations (1) and (2) empirical equations may be derived representing
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the depth of internal oxidation as a function of time and temperature:

/47,000

For Rene 41 [8.91 X 106 exp - (±!, ) ]t + 0.30

For Rene Y ga [8.32 exp - (28_000 ) ]t + 0.20

These equations are considered valid between 1600 and 2000OF for 50-1000
hours wi':h an accuracy of h 0.25 mil/side.

It can reasonably be assumed that internal oxidation occurs in these alloys
by dissociation of the surface oxide scale (Cr303 in both cases) at the
oxide/metal interface. Further, assuming that the oxide/metal interface
is ststionary (<<§), the partial pressure of oxygen above the internal
oxide region is maintained at the dissociation pressiire of the lowest oxide
of the base metal and the problem could be reduced to one in which the
surface oxide can be neglected. Rapp(le) has shown that where oxygen
diffusion through the matrix is much greater than the cation difftision;

NoDot (3)

Where No = mole fraction of oxygen at the external surface

(oxide/metal interface)

Do = diffusivity of oxygen through base metal

t = time

NB = mole fraction of less noble solute which forms 100

This would suggest similar activation energies for both alloys since No
Do products are nearly equivalent. But the computed activation energies
for the two alloys are considerably different indicating that in Rene 41,
cation(A. 1 ++) diffusion may be a governing factor. Evans(17) has cited
examples of internal oxide segregation at grain boundaries similar to
Rene 41. He indicates that the presence of minor constituents with a
great affinity for oxygen (i.e., Al) will favor grain buundary penetration
at a parabolic growth rate. The activation energy of 47 K cal is therefore
considered to represent control by Al+++, not OF diffusion. It should be
pointed out, however, that the Al diffusion in the bulk metal is not the
same as that in the y' dissolution zone due to the larger concentration
gradient present in the latter. The activation energy for Rene Y may more
closely represent do diffusion control.
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4.2.9 Cyclic Oxidation

To better define the extent of oxide #palling which might be experienced
during jet-engine operation, cyclic oxidation tests were performed.
Although these tests were to be conducted only on IN-100 at 2000'F, the
practical importance of this aspect of the oxidation behavior warranted
additional evaluation. Therefore, cyclic tests were conducted for 400
hours on IN-100 at 1600, 1800, and 20000F. In addition, Inco 713C was
tested at 20000F and comparative tests were conducted on Rens' Y and
"Hastelloy X at 1800 and 2000°F.

The weight change results after eighteen 22-hour cycles compared to similarly
treated isothermal test specimens are shown in Table XXXI. Thermal cycling
promoted spalling and as a result increased the rate of material degradation.
Cycling promoted spalling of IN-100 at 1600, 1800, and 20000T, but was par-
ticularly deleterious to Into 713C where all the oxide formed was lost.
Measurements on these two alloys after cyclic exposure at 2,000 F indicated
9.5 + 0.5 mils/side metal loss. The 1.0. and' y.dissolution zones were similar
to the isothermal specimens. In view of the fact that metal loss measure-
ments for the isothermal specimens were almost nil (within the accuracy of
measurement) cyclic effects can markedly influence the load-bearing capacity
of a material.

X-ray identification of the spallod products from both the cast Ulloys
showed only NiO and Ni(Cr,Al) 9 0 4 , indicating that the surface became enriched
in Al and Ti oxides. The excessive spalling, which is no doubt associated
with the heterogeneous oxide formation, may be more directly related to
incoherency between Ni-Cr and Al-base oxides. However, a detailed evaluation
of the cyclic effect would be required before a more specific mechanism can
be defined.

The results of the cyclic tests performed on Rene Y (Hastelloy X + La + Mn)
and Hastelloy X clearly shows the improved scale adherence and oxidation
resistance achieved by minor additions of lanthanum and manganese.
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TABLE =OIU

CYCLIC OXIDATION WEIGHT CHANGE AFTER 400 HOURS EXPOSURE

IN-1O00

Specimen Weight Change (mg/o?) Cyclic
Temerature Number Isothermal _Cycli(a) Spelled Product(°) -(mIc)'

1 6 0 0 (b) 1 2.94 + 1.86* (+ 2.43)

2 2.87 + 1.75( 2.77) 1.80
Average 2In + 1.80 (+ 20.0)

1800 (b) 1 +1.65* (+1.90) - 7.72* (+ 3.25)
2 +0 o, - .4*+, 2.8) 11.12

Average +i.83* (+1.98) -- 8.07( 3.05)

2000 1 -0.24*. (+1.85) - 4.74* (+ 4.39)
2 -0.26* (+1.74) - 4.26* (+ 4.08) 8.73

Average -0.25* (+1.80) 450*. (7+ 4.23)

INCO 713C

2000 1 +0.21*. (+0.45) -21.30* (+11.70)
2 +0.32*. (+0.58) -28.29* (+12.19) 36,74

Average +0.27* (+0.52) -24.79* (+11.95)

Rene Y

1800 1 +1.21* (+1.36) + 1,44* (+ 1.46) 0.02

2000 1 +1.88* (+1.98) + 1.60* (+ 1.67) 0.07

Hast X

1800 1 +1.80* (+1.86) + 0.15* (+ 1.31) 1.16

2000 1 -0.19* (+3.14) - 0.15* (+ 3.29) 3.44

(a) Eighteen 22-Hour Cycles to Room Temperature

(b) Isothermal data from previously conducted static oxidation tests.

* Indicates spelling with value in parentheses the W/A of specimen
plus spelled products.
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4.2.10 comparison of General Oxidation Behavior

To permit an evaluation of the gross oxidation behavior of the alloys barcharts have been compiled which compare the average extent of attack. Both

weight gain and internal oxidation effects are presented since neither by
itself provides a good measure of ox.dation resistance.

Figures 51 through 53 compare the total oxidation weight gain of the alloys
as a function of time at 1600, 1800, and 200001, respectively (see Table VIA I
for actual data). 'The bars.represent the weight change of speoimen, including
any spalling produced during cooling from temperature. At 1e000° the weight
gains of all alloys except ZN-100 and Ron" 41 are similar. Except for 87M-200
and Inco 713C, the total weight gafn also increases with exposure time. The
apparent decrease in weight change for 5K-O00 and Inca 713C after 1000 hours
"may indicate oxide vclatiliuation. At 1800 and 200007 spalling is observed
for all alloys except Rene Y. Also, the fact that the weight-gai.n values
actually decrease with increasing temperature f~r some alloys indicates that
oxide volatilization may even occur in relatively static air. Therefore,
weight-gain measurements should not be used as a conclusive means of assessing
"the oxidation resistance of these superalloys.

Figures 54 through 56 illustrate the extent of internal oxidation produced in
the alloys as a function of time at 1600, 1800, and 20000F. The metal loss
has purposely been omitted from theme charts since the observed thickness
changes for all alloys was within the accuracy of measurement (: 0.5 mil/side).
As reported for the weight-gain results, some discontinuities were also observed
in the internal oxidation measurements at 20000F or after long times at 18000P.
In general, these apparent anomalies can be attributed to difficultiow in
identifying the initial oxide/metal interface due to the spalling that o,:curs.
Also, In many cases the 1.0. that exists at low temperature isconverted to
suboxide at the higher temperatures, as previously pointed out for SM-200
and U-700.

4.3 Flame Tunnel Oxidation

4.3.1 General Appearance

The general appearances of the alloys after 300 and 1000 hours exposure to
high velocity combustion products of natural gas at 1600 and 20000F are
illuatrated in Figures 57 and 58, reipectively. The specimens tested at

16000F displayed relatively thin oxides whose anisotropic growth revealed the
grain structure of the cast alloys.
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At 20000? both similarities and large differences were observed in the
macroscopic appearance of oxides produces on those alloys. Rene Y, which

exhibited the greatest oxidation resistance (based on weight-gain data), also
displayed the most tenacious oxide scale. This oxide scale was generally -
black with some brown scaling oxide which became evident on the edges during
the last 200 hours of testing. In-100, SM-200, and Into 713C exhibited

similar-appearing oxides with characteristic greenish-brown oxide protrusions
in a silver and green oxide background. IN-100 contained the least amount of
oxide overgrowth and Inco 7!3C the most. U-700 exhibited an oxide mixture of
varying shades of gree., Beni 41 exhibited a brownish oxide bass with a green
oxide overgrowth which Was porous. All alloys displayed some evidence of oxide
spalling or erosion after 1000 hours exposure with Rene Y and naco 713C least
susceptible and Rene 41 and IN-100 showing the greatest attack.

4.3.2 W*i2ht Ohanges

The average incremental and total weight change which occurred during the first
400 hours of test at both 1600 and 2000OF is tabulated in Table VUIA. The
1000-hour weight change data for the 1600 and the 2000OF tests are given in
Tables VillA and IXA, respectively. Summary curves showing the variation in
weight with test time at 1600 and 20000F are presented in Figures 59 and 60,
respectively. A summary of the surface reaction products fozied during flume
tunnel exposure at these two temperatures is given in Table XXXII.

At 1600'F (Figure 59), with the exception of Rene Y, the alloys exhibited
little difference in weight-gain behavior. Rene Y was the only alloy which
displayed a weight loss for each 100-hour test increment. In view of the test
variables which include thermal cycling to 10000F, the weight change MeAsured
must be considered a result of:

(a) Increased weight due to oxygen and nitrogen reoaction.

(b) Decreased weight due to vaporization of txides where the weight loss
is at least double the gain of oxygen,

(0) Decreased weight due to oxide spalling and/or erosion where the
losses can again be more than double the oxygen weight gain.

At 1600"F the spalling and erosion effect is assumed negligible, hence the
weight changm can be considered the result of (a) minus (b).
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TABLE XXXII

X-RAY IDENTIFICATION OF REACTION PRODUCTS FORMED (V VARIOUS ALLOYS

DURING FLAME-TUNNEL EXPOSURE

Temp Time Type e i r
OF Hr. Spe_ Reaction Products)

Rene Y

1600 400 (b) MnCrgO 4 (ac.=8.44h) + aCr2•o,
1000 (b) MnCrgO4 (ao=8.431) + oCrr9 O3

2000 100 (b) MnCr.O 4 (aow8 441) + aCrOO3
1000 (b) MnCr 2 O4 (ao%8S421) + aCrO% + unidentified lines

IN-100

1600 400 (b) NiO (ao=4.201) + Spinel (ao=8.351)
1000 (b) NiO (ao.4.191 ) + NiTiO% + Spinel (ao=8.241)

2000 100 (b) Spinel (ao"8.141) + NiTiO3
1000 (b) NiO + Spinel (ao8. 101) + Al2 0s + TiN

SM-200

1600 400 (b) NIO + Spinel (a,=8.391) + TiO2 + IA½ý0 (VVW)
1000 (b) NiO + NiTiO3

2000 100 (c) NiO + Spinel (ao=8.261) + NiTiO3 + Spinel (ao=8.071)
1000 (b) NiO + Spinel (Po=8.241) + NiTiO. + Spinel (ao=8.161)

Inco 713C

1600 400 (b) NiO + aCr 2 O0 + Spinel (ao=8.341)
1000 (b) NIO + cYA1 2 0% + Spinel (ao=8.341)

2000 100 (c) NiO + yA2 03 + Spinel (ao=8.08-8.34K) + TiQ2
1000 (b) NiO + cYA1 2O03 + Spinel (ao=8.201)

U-700

1600 400 (b) NiO (ao=4.171) + Spinel (ao=8.37) + Cr.03
1000 (b) NiO (ao=4.201) + Spinel

2000 100 (b) NiTiO3 + (A1,Cr) 2 0O
1000 (b) Spinel (ao=8.301) + NiO (a0 =4.161) + NiTiO• + Cr 2 O,

Rene 41

1600 400 (b) NiO (ao= 4 .17j) + Spinel (a0 =8.38b) + caCr.O + TiN
1000 (b) NiO (ao=4.191) + Spinel + •CrsO

2000 1000 (b) NiO (ao=4.191) + Spinel (ao=8.36k) + o.Cr 9 Oq, i. NITIM

(a)Listed in order of decreasing predominance as indicated by X-ray intensities

(b)Diffractometer trace of oxides in situ.

(C)Dobye Scherrer analysis of scraped oxide.
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Referring to the nature of the reaction products formed on these alloys,
Rene Y is observed to form oxides based on CraOs, whereas the other alloys
contain NiO or Ni-Al-Cr base oxides. The volatilization of CrgOs-base
oxides as compared to NiO or Ni-Al-Cr oxides is therefore considered
responsible for the slight weight loss exhibited by Rene" Y. The vola-
tilization rate constant of Cr2 O3 when exposed to static oxygen has a
teniuerature dependence given by

KV = 0.214 exp (-48,800 + 3,000/RT) gm/cma sec"lc1a)

Since the oxide scale on Rene Y is approximately 90% Cr 2 09, a calculated
volatilization weight loss of -0.65 mg/cm2 would occur during the 1000-hour
test at 1600*F. However, assuming an oxygen weight gain for the same period
of +0.85 mg/cm2 (from static test data) the net weight change during the
flame tunnel test should have been +0.20 mg/cm , which is considerably higher
tnun the -1.33 mg/cm3 observed, Since erosion and apalling effects are
not considered responsible for the additional weight loss, the dynamic
atmosphere apparen-cly promoted volatilization. The extent of volatilization

for the other alloys is illustrated in Table XXXIII, indicating that those
alloys rich in chromium are most subject to volatilization. However, this
does not imply that those alloys showing a net weight gain were not also
subjected to volatilization louses. The presence of predominantly NiO
rather than a CraOa, -base oxide indicates that the weight gain by oxygen
reaction was riimply greater than the volatilization loss. For the cast alloys
the net gain was greater than that measured after equivalent static
oxidation testing. Considering that it requires the reaction of approximately
four moles of O• to compensate for the weight loss due to vculatilization
of one mole of Cr2 O3 (or Cr0s), the oxidation rated of the alloys in the
flame tunnel must also be significantly increased at 1600'F.

Figure 60 illustrates that exposure in the flame tunnel at 2000aF yields
",let weight losses for all alloys with Rene Y being the least susceptible,
A 1000-hour exposure produces a weight loss for Rene Y which is one-third
that of the next best alloy (Inco 713C, -40.2 lug/cm2 ) and that predicted
employing Cr2O 3 vaporization data(' 5 ), assuming 90% Cr 2 03 in the oxide scale.
Honce, very little erosion or spalling occurs for this alloy, as verified
by the appearance, If the flame-tunnel atmosphere increases the oxidation
rate at 16000F, it will also increase it at 2000*F and therefore probably
enhance spalling. Thus the large weight losses for the other alloys may
be attributed prim;ri.ly to volatilization and spalling. The fact that oxide
buildup and spalling occurs predominantly at the edges and corners of
specimens accounts for the alteration in the shape of the coupons observed
after test.
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TABLE XXXIII

VOLATILIZATION DURING FLAME TUNNEL TEBTING

Volatilization

mg/cm2 for 1000 hr/1600OF Weight Loss Prime Reaction

AIloy Static(a) Dynamic (mE/cma) Products at 1600°F

Rener Y + 0.85 - 1.35 - 2.10 MnCrgO 4 , Cr2 O3

IN-100 + 3.20 + 2.45 - 0. 7 5 (b) NiO, spinel

SM-200 + 0.57 + 1.10 - NiO, spinel, ca-A10 3

U-700 + O.97 + 1.75 - NiO, spinel, A12 O3

INCO 713C + 0.40 + 1.25 - NiO, t-Al 2 0 3 , spinel

Rene' 41 4 3.23 + 1.15 - 2.08 NiO, spinel, Cr 2 03

t. () From static weight gain da'ta.

(b) May be increased spalling since spalling is observed in the
static test after 1000 hr/16OO F.
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4.3.3 Oxidation Reactions

The morphology of the reaction products on the alloys after exposure to
high velocity combustion products at 1600OF are illustrated in Figures 61
through 63. The extent of the internal oxidation features as a function
of time at 1600 and 20000F are presented in Tables XXXIV and XXXV, respectively.
A bar graph summarizing the depth of affected metal in the alloys after
1000 hours exposure at 1600 and 20000F is given in Figure 64. A comparison
of these data with comparable static oxidation teot results indicates the
extent of oxidation in the flame-tunnel atmosphere to be significantly more
severe. The best measure of degradation is obtained by combining the metal
loss and 1,0, measurements, This permits the following ranking of alloys in
order of decreasing resistance to the flame-tunnel atmosphere:

S16000F 2000OF

1 Into 713C Rene Y
2 SM-200 SM-200

, 3 Rene Y U-700
4 U-700 Into 713C
5 Rene 41 IN-100I 6 IN-100 Rene 41

, All alloys rank similarly at the two test temperatures with the major exception
of Inco 713C which shows lower resistance at the high temperature because of
excessive oxide spalling and deep internal oxidation. However, if all facets
of oxidation ar, considered (weight gain, appearance, and internal effects)
Rene Y displays superior resistance to the flame-tunnel atmosphere. It is
of interest to note from the above ranking that contrary to some views the
resistance to a dynamic atmosphere is not solely dependent upon the Cr content

* of the alloy.

The microstructtvral features observed during exposure at 1600OF (Figures bi
through 63) do not differ significantly from those observed after an equivalent
static oxidation test.

: The reaction products formed during the high velo,,Ity flame-tunnel tests after
1000 hours at 1600 and 20000F, as identified by X-ray diffraction (see Table
XXXII) and microprobe analysis, are summarized in Table XXXVI. For comparison
purposes the reaction products formed during equivalent time static oxidation
tests have been included. A considerable diffeienco is observed between the
static reaction products and those produced in a dynamic atmosphere. With the
exception of Rene Y which displays little alteration in the form of oxide products,
the prime difference is the lack of chromium-rich oxides after dynamic testing.
This is attributed to volatilization of CrO. Rene Y is not subjected to such
depletion due to the formation of a protective layer of MnCr 9 O4 spinel.
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4.4 Oxidation of Rnn4 Y

The ouperior oxidation resistance displayed by Rene Y during the course of
this investigation has prompted additional studies to determine the basis for
its behavior.

4.4.1 Rene Y Versus Hastelloy X

Ren' Y is basically a modified Hastelloy X containing 0. 15 w/o lanthanum and
additional manganese to 1.0 w/o. Although the modifications aro slight, the
following improved oxidation features were observed in the course of this
investigati on:

(a) Increased scale adherence

(b) Stabilized oxide scale in a dynamic environment

(c) Decreased oxidation rate

To establish if differences in the composition of the oxide scales could promote
this improved behavior, electron microprobe and X-ray fluorescence analyses
were conducted. EMX traces obtained from both Hastelloy X and Reno Y after
a static air exposure at 2000OF for 100 hours are illustrated in Figure 65.
Although the base metal compositions are similar, the composition of the
oxide phases differed considerably. The 1.0 w/o manganese originally present
in Rena Y builds up in the oxide to 20-30 w/o as verified by X-ray emission
analysis, whereas the 0.7 w/o manganese present in Hastolloy X concentrates
to only 6 w/o in the oxide scale. Similarly, the concentration of chromium
and nickel in the oxide scale of Rene Y is considerably less than Hastelloy X.
Thus, Reno Y exhibits an oxide of Cr0O0 overgrown with MnCr2O, with no nickel
in solution. Hautelloy X, on the other hand, exhibits an oxide consisting of
NiCrO 4 spinol overgrown with (Cr,Mn)2On. On the basis of flame tunnel tests
conducted on these two materials, it can be concluded that the MnCrPO. spinel
overgrowth minimizes the volatilization of Cr2O and stabilizes the oxide scale.

The increase in the conoentratioe of manganese in the oxide scale of Rene Y
is not considered simply thc• result of additional manganese since It contains
only 0.2 w/o more than Hastolloý X. Rather, it is postulated that the activity
of the manganese is increased by the small amount of lanthanum present in the
alloy. The microprobo analysis also shows that lanthanum effectively reduces
the participation of nickel in the oxide scale. Previous studies st this
laboratory on a Rene Y alloy with lanthanum but without manganese support
this hypothesis since a Cr.O. oxide was promoted with no evidence of a NiCrO 4
spinel, which would be the expected oxide product.
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4.4. 0 Role of Lanthanum in Rene Y

A study was also made to determine thn distribution of lanthanum in Reno Y
and the manner in which it participates in the oxidation reaction. This
study was considered necessary to determine the role of lanthanum in
improving the oxidation behavior of Hastelloy X.

Al

A thorough analysis of' the Itene Y base material employing the microprobe
revealed lanthanum-rich particles (which were not oxides) located primarily
in grain boundaries and associated with base metal carbides. A wavelength
scan across the particles indicated relatively high concentrations of moly-
bdenum, silicon, lanthanum, and carbon. The fact that the lanthanum-rich
particles revealed no more oxygen than the matrix and the absence of particle
fluorescence when probed by the EMX was considered sufficient evidence to
inldicate that the particles wore not oxides. The particles could be detected
metallographically but always appeared diffuse or in relief. Attempts to
extract the particles for X-ray diffraction analysis wore not successful since
an X-ray fluorescence analysis of the extracted residues did not detect La.
Since the rare-earth carbides do decompose in air to form acetylene, it ts
postulated that the lanthanum-containing particles are complex Mo-Si-La
carbides which are not stable when exposed to air.

A number of microprobe analyses wore conducted on the surface oxide and at the
oxide/metal interface to determine the lanthanum distribution. The results
of this Investigation are summarized schematically in Figure 66. In the
center of this firure 14 a schematic of the oxide formed on Reno Y. Each
numbered dashed line represents probe traces for lanthanum with the lanthanum
concentration profile presented parallel to the trace. The results showed
significant lanthanum concentrations only in the cusps or fingei's of the
oxide scale which extend into the matrix metal and not in the internal grain
boundary oxides or the cale per so. These results were verified by taking
microprobe analyses across several locations along the scale/metal interface.
Thus, the results support grain boundary "keying" as; the mechanism for
increased scale adherency. Investigations were al.so conducted using the
electron microscope to determine if La-containing oxide films were formed
along the oxide/metal interface. No indications of such films were found.

On the basis of these findings, the following mechanism is postulated to
explain the enhanced oxidation resistance of Ren- Y. The lanthanum originally
present as a carbide phase goes into solution during oxidation providing a
continuing source of lainthanum. The lanthanum diffuses to the oxide/metal.
interface where it concentrates at the grain bounduay cusps adjacent to the
oxide. These La-.rich cusps then serve as mechanical "keys" with the matrix
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to minimize the interfacial oxide/metal shear stress and improve oxide

adherence. The lanthanum also alters the activity and/or diffusivity of

the nickel, chromium, and manganese in the alloy yielding a more stable
spinel oxide, MnCr 2 O4 in the case of Rene Y. The latter reaction decreases
oxide volatilization and improves oxidation resistance, particularly in

dynamic environments.

4.5 Effects of Surface Preparation

A limited study was initially intended to establish if variations in surface
finish grossly affect the oxidation behavior of Ni-base alloys. Due to the
complexity of the behavior actually observed,however, the scope was expanded
considerably to characterize the main factors which govern the effects of
surface preparation.

4.5,1 Static and Continuous Weight Gain Oxidation

Specimens used for this study were given three different finishes which
resulted in different degrees of roughness and surface deformation. They
weaco eloctropolished, dry grit blasted, and coarse wet ground. The roughness
of the resulting surfaces were measured with a Profilometer and the average
values obtained are listed below:

Electropolished 3p ± 1 RMS
Grit B1-.-ted (150 grit Al,0%) 55p ± 10 RMS
Wet Ground (50 grit SiOQ) 13 0 p 1- 20 RMS

The scatter in the measured roughness not only reflects variations in the
abrasion resistance of the alloys but also the extent of surface finish
reproducibility. Specimens were lightly rinsed in methanol-107 HC1,
rinsed in ethanol, and oxidized in electric box furnaces for 100 and 400
hours at 1600, 1800, and 2000'F.

The appearance of the specimens after testing showed:

(a) Significant differences in the color of the oxides produced on
specimens with different finishes. The largest differences were
observed between electropolished and grit blasted specimens.

(b) Generally, specimens in the electropolished condition displayed the
greatest degree of oxide spalling, at times exhibiting gross
exfoliation of the surface scale.
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The weight changes, amount of oxidation, and y' dissolution were measured
for each alloy as a function of time, temperature, and surface finish and
are presented in Table XXXVII. These data did not exhibit consistent
effects as a function of the test variables. However, there were general

trends and some specific data indicating that grit-blasted finishes produced
accelerated attack. The apparent conflicts in the results were of such a
nature as to necessitate a metallographic re-evaluation on the anomalous
specimens. The extent of oxidation in theme duplicates were found to
reasonably agree with the original measurements. Hence, specimen mis-identification
was discounted as the cause of the apparent anomalies. It was noted, however,
that grit blasting and coarse grinding did produce a more irregular type of
attack which in some cases made assessment of the extent of attack difficult.

There were certain instances where oxidation behavior was definitely affected
by surface preparation. A typical example is illustrated by IN-1O0 in
Figures 67 and 68. In this instance a grit blasted surface produced exces-
sive grain boundary oxidation after 400 hours at 18000 F, however the effect
was not observed after shorter times of exposure and was minimized after
exposure to 2000OF (see Figure 67 and 68). A similar behavior was observed
in cast Inco 713C but not in the wrought alloys U-700 and Rene 41.

The results of X-ray diffraction analysis to identify the oxides formed as
a function of surface preparation (namely electropolished and grit blasted)
are summarized in Table XXXVIII after 400 hours exposure at 1600, 1800, and
2000 0 F. Contrary to expectation, large differences wore not observed in the
oxides formed on the two extreme surface finishes. There were indications, I
however, that Cr-base oxides were favored on grit-blasted surfaces for all
alloys except IN-100, For IN-100 an increase in Al and Ti-containing oxides
was indicated for the grit blasted specimens. However, microprobe traces
obtained from identical specimens did not display any pronounced scale
composition differences as compared to fLine ground specimens. In an attempt
to clarify the behavior reflected in these observations, the following
additional tests were performed:

(a) Continuous weight-gain testint of grit-blasted IN-100 and Inco 713C
at 1800'F to further establish the effect of O2/N2 pickup and determine if a
transition time existed for good to poor oxidation resistance.

(b) Static oxidation of both cast and wrought U-700 to determine if the form
of the alloy was an influencing factor.

(c) Oxidation of grit blasted IN-100 and Inco 713C for 400 hours at 1800OF
with a pre-oxidation argon anneal (8 hours at 20000 F) to establish if
surface roughness per se or cold work was responsible for the detrimental
effect observed.

149

I .'I ,



A o
S.4A R SO

- ,Pw Onfo 0 0 000 0 0 00

mi

H' 0 l40 o 000 L

Ln06d6 0d66c C; o 00* ccc coo

o0 0 0 QHH N N co

4V* 0 o 06(s 00 g~ 00 000

NIn inw in w i

0c 0 coo 0d Hanv coo 66 o a

In
S~~000 00 00 0 '4 000 080

'.n C.)U` H I n~

-CI'A

0cc alw 0 I

'A u
a 0- I

15 30 0 if 0 0



x I

00

fi0
co.

00 0
4-i

cd 440 (

$14

151



4-(4

'4-4

"-1

J-4

.4. 14-4 .

4.)

4 ~ ~ ~ al .,0 4YA ~ k<: ~ .,,.-4

152H



0 4 C4

4C
~ -r

C4

e~-9,

ecriop 19
* -o cc ~ *fA

4V

44~A 444 -- f~d:~;

r"44 ~4JM,4-A P4 4: Ur 4 4 U h4 J 1 1 4

41:

"I Ni

153

...j....



I7

(d) High velocity flame tunnel tests on all alloys at 1800*F in the grit
blasted and fine gound condition to determine if the surface preparation
effect persisted in a high velocity air flow.

The continuous weight-gain data for grit-blasted IN-100, Inco 713C, and
U-700 (sheet) are presented in Table XA. Log-log plots of the results for

IN-100 and Inca 713C arpe shown in Figure 69 and compared to results from
elactropolished specimens. Grit-blasted IN-100 displayed results which
contradicted the static test results after 100 hours. This teat also
indicated a significant effect of surface preparation on both weight change
and weight-gain kinetics. The oxidation rate of the grit-blasted specimen
was near linear, whereas the electropolished specimen displayed near parabolic
oxidation. This would indicate that the grit-blasted specimen did not form a
protective oxide. This fact is supported by metallographic observations where
excessive nitride formation was also observed. Continuous weight-gain tests
of Inco 7130 and U-700 indicated little or no effect of surface preparation, in
agreement with previous static test results after 100 hours exposure.

Tests were also conducted to establish if the effect observed was caused by
surface roughness per so or if the resultant surface deformation was a prime
factor. Prior to exposure, Inco 713C and IN-100 specimens were grit blasted
and one set annealed for 8 hours In argon. This yielded surfaces of equivalent
roughness but with diffeznt degrees of surface deformation. The results of
internal oxidation measurements after testing are presented in Table XXXIX,
which indicates that the surface preparation effect is largely attributed to
cold work and not roughnels per se. The effect is vividly illustrated by the
microstructures shown in Figure 70. To further establish differences in the
surface deformation with each type of preparation (grit blart, fine grinding,
and coarse grinding), back r.;flection Lave X-ray diffraction patterns were
taken of the surfaces. In the fino ground condition (600 grit) Debye rings
and spots were observed. PatternA of coarse ground surfaces (50 grit) produced
a moze diffuse pattern with only faint remnants of Debye rings. The grit-blasted
specimen, however, gave no pattern at all, indicating a highly cold-worked
surface. The extent of this cold work was sufficient Lo produce rocrystal-
lization of the alloys. With the proper etching procedure a fine grained,
evidently recrystallized, structure could be obaerved in the y' depletion zone.
This structure seemed most prevalent in cast materials.

The influence of surface preparation effects on alloys of different form (i.e.,
wrought and cast) is demonstrated by tests performed on wrought and cast U-700.
The internal oxidation measurements obtained after exposures of 100 and 400
hours at 1 8 0 0 °F are presented i.n Table XL and represenlative microstructures
illustrated in Figure 71. These results indicated that for relatively short
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TABLE xxxIX

INFLUENCE OF HEAT TREATMENT ON SURFACE PREPARATION EFFECT

INCO 713C
Average[

Time/Tmp Av.0. y Dissolution
(Hra)(OF) Condition Mile/Side Mils/Side

100/1800 Grit Blast 4 0.00 0.30
Heat Treated *

100/1800 Grit Blast 0.20 0.35

400/1800 Grit Blast + 0.00 0.40
Heat Treated *

401/1800 Grit Blast 1.50 2.50

IN-100

100/1800 Grit Blast + 0.00 1.00
Heat Treated *

100/1800 Grit Blast 0.30 0.65

400/1800 Grit Blast + 0.50 1.20
Heat Treated *

400/1800 Grit Blast 1.75 2.75

Heat tronatd 8 hours at 2000*F in argon prior to exposure.
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exposures the cast alloy was most susceptible to deformation-induced
oxidation but the effect appeared to vanish after longer exposure times.
The type of attack usuall:: ensued by surface deformation of U-700 was
highly localized and usually present as I.G.O. as typified by Figure 71. It
was also observed that for equivalent surface preparations the cast
material always displayed inferior resistance.

4.5.2 Flame Tunnel Oxidation

The influence of surface preparation on the oxidation behavior of Rene Y,
Rene 41, U-700 (shoot), IN-100, SM-200, and Inco 713C in high velocity
natural gas combustion products was evaluated. The general appearance of
the specimens after 100 hours exposure at 18001F is illustrated in Figure 72
and the weight change results for the cast and wrought alloys are plotted in
Figures 73 and 74, resp-ctively. For the wrought alloys, increased surface
deformation/roughness caused an increase in weight gain. Since the shapes of
the weight-gain curves for the grit-blasted and fine-ground specimens were
similar for each alloy, the effect could simply be attributed to the larger
effective surface area of the grit-blasted specimen. The cast alloys, on the
other hand, displayed an opposite trend. Except for Inco 713C, the fine
gound surface exhibited a greater net weight gain. However, the appearance
of the grit-blasted specimens showed more severe oxidation, indicating that
weight change may not be a good measure of oxJ.dat-cn resistance in the flame
tunnel test.

The extent of internal oxidation exhibited by each alloy for the two surface
finishes are shown in Figures 75 through 80. The effect of surface preparation
on internal reaction is less severe in a dynamic as compared to a static
atmosphere. As in the latter case, the specific effect of surface prepation
is unpredictable. For example, grit blasting appeared to promote internal
oxidation for IN-1O0 and Inco 713C but the opposite effect was observed for
SM-200. Also, grit blasting produced increased internal oxidation and
3ecrystallization for Rene 41 and U-700, but for Rene Y produced a noticeable
decrease in the intergranular type oxidation which normally forms.

The reaction prou-. ..s which formed during the flame tunnel exposure wore
identified employing Debye Scherrer patterns of scraped oxides. The results
are tabulated in Table XXXXI. The absence of Cr-base oxides and the predominance
of the perovskite-type NiTiO% oxide are the main features displayed. With tvwo
exceptions, no gross diffurences are noted 4n the reaction products formed as
a function of surface treatment. The two alloys which displayed the greatest
difference in the typo of reaction products formed, namely U-700 and Inco 713C,
were the two most similar alloys with respect to weight gain.
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From the combined results o tic and dynamic tests the following ,eneral
observatlono can be cited regarding the effect of surface preparation on the
c•idation behavior:

(a) Effects produced by the various surface finishes can be attributed
primarily to surface deformation and not to roughness per se.

(b) Increased surface deformation promotes internal oxidation. The effect
j is less severe in a dynamic atmosphere.

0(0 The effect of su'face deformation is most pronounced in cast as
compared to wrought alloys.

(d) No large differences ,,n the oxide scalo composition have been noted as
a function of surface deformation.

Although the general effects nf surface preparadon on the oxidation of these
alloys have been determined, the specific mechanism(s) responsible for the
effects has not been defined. The mechanism no doubt involves deformation-
induced diffusion but establishiug the exact mode would be difficult. This
"difficulty stems from the inconsistent results obtained and the many variables
which appear to affect the process. Among the variables causing this complex
behavior arc:

(a) Temperature and time

(b) Alloy form (cast-vs-wrought)

(c) Alloy composition

(d) Unifoinity of the surface finish

(e) Type of atmosphere (stLatlc-vs-dynamic)

A more critically designcd experiment is considerod necessary to soparato
these variables and characterize the surface preparation effect. Such an
experiment was beyond the scopv of this program,
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V DISCUSSION

The results of the kinetics analyses pertormed indicated definite
similarities in the oxidation behavior of the alloys. However, a true
kinetic characterization of the oxidation mechanisms was masked by the
complex interplay of heterogeneous oxidation, spalling, and oxide
volatilization. In general, the linear oxidation observed reflects the
spontaneous nucleation or penetration of oxide colonies through the
initial oxide layer and subsequent coalescence or lateral growth to form
a relatively continuous phase as observed in the thin Tilbn studies. The
parabolic oxidation rate is associated with continued oxide growth by
diffusion processes. The slower parabolic or cubic rates observed are
indications of oxide interactions, porosity formation, and volatilization.
The decelerating kinetics observed for IN-1O0 and in some cases SM-200 and
Inoo 713C denote oxide spalling or excessive volatilization. The heter-
ogeneous nature of the oxidation observed on the cast alloys suggests that
two or more of these processes are occurring simultaneously at different
locations on the surface, thus further complicating the measured kinetics.
Hence, oven 1i the atomic processes governing oxide growth could be ascertained
such models would be of little value i.n view of the intermixture of oxides
present.

It is well to emphasize here the lack of a direct relation between weight-gain
data and the extent of internal oxidation reactions. The internal oxidation
process involves veaolecions between che less noble constituents of the alloy
and oxygen which has already reacted with the surface to form a scale. The
weight gain reflects the amount of oxygen required to form the surface scale.
Subse•uent solution of e at the oxygen/metal interface through scale dis-
sociation and its diffusion into the metal to react with the 'least noble
solute it encounters involves no increase of mass by the sample and thus no
additional weight gain. Hence, the weight gain does not reflect the extent
of intornal oxidation per so. This does not infior, however, that internal
o.didation reactions do not affect the scaling process indirectly by either
tying up the most roact'tive cations boforo they can be concentrated and
incorporated a.s part of the surface oxide or by providing a sink for the
oxygen ions which in l'tfoct causes a reduction in the scale thickness.
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The microstruotural changes observed in this study denote a critical relation
bltwoen the scale and subsocale reactions. In fact, the two processes are
considered to be in direct conflict with each other with the final scale/
subscale morphology controlled hy thermodynamic factors. The affinities of
the various constitueLts present in these alloys for oxygen and nitrogen at
1800 0 F are compS.led in Table XXXII(O). Thermodynamically, the competitivu
oxidation reaction can be simply expressed as

AOx + D.-4 BOX 4. A

for which:

6PT . &FT. + RT In n_
aAOx aB

Since the oxide rctivitios can be assumed unity, the free energy change at
a sptcific temperatui., is dependent upon the affinity of each elemint for
oxygen and their corresponding activities in the alloy. Thus, although the
concentration* (activity) of a specific clement may be rula-,ivoly low, its
high affinity for oxygen may be sufficient to caust, pr•lreottial oxide
formation, The same i0 IL0so true for (,loments with relatively low affinities
for oxygen but high activities i.. the alloy. The oxide which is mosit
thermodynamiionlly favor'od will form first and exist as the surfauc oxidu.
Elements %ith lower concentrations but high affinities for oxygon will
then oxidize Internally Lf the decomposition of ttw -ui-faco oxide at the
oxide/metal interfacu yilds it higher partial proL.oure of oxygen than the
dissociation pressurn of thu iLternal oxido being orinrn•d.

Sp(. tLic exmnpltes ot thi: cj'itical nature of this c al(./subscalt! rniet ion
procesa4 have been ti:rmon•s• lz rt cr during this Livostigation. In the alloys
studled, the elemtit;s most k,rtiltel ini t:hf, sea li/suhsb.a Io compptition are
Cr, Al, and to a liesser .xt'mnt., Ti. During the oxidr,. Lon of IN-' 100 ( 0.0
Cr, 5.8 Al. and 4.Co TO.) th,. relitiv.,ly low activity of Cr and thit high
combianed activitius (it Al anld Ti res'li.ed in iOn I ncwporat ,(tion of t ho latttr
eleyments as subsc:a lo. No interrial ohid:.tIon rusu ltud l.,ctausu) Lho disiqoc itit:ation
pressures of AI½Oa and TtOC wore less than any othoi' oxide that could form.
In fact, the high Ti conttnt ot the subox [di is cons ierud ruspotu. ib0 1' for
the observed inferior uxidation behavioi'. SM-200 ( 1" Cr, 4.4 Al, :nd 2. 0 Ti)
on the otnur hand, d tsphltyvd thl.' stinmt rkelat1Ve: Cr ,vt; IvPy USt IN-.101'), hut iower

*It i,•s as tsurd for the s ake of this d isr.'cussion that: c on t i0lat; i;n ilild
11.,t vity tre synonymou.s
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TABLE XLII

THERMODYNAMIC PROPERTIES OF THE OXIDES AND NITRIDES AT 1800-F

Oxide Nitride

Element AF____p___ AF(b)

Al -207 A19 03 -89.1 AIN 3 X 10-1"

Ti -177 Ti% 10-el -94.6 TiN 4 X lO0"7

Si -161 SlG 12"r8 -32.0 Si 3 N4 3 X lO0"

Cr -135 Cr.O l0"' -19.5 CrN 4 x 10-4

Mo -:102 Mo% 2 X 10"le Unstable

Fe - 83.5 Fe.O 3  3 x 10"Yr Unstable

Co - 72.5 CoO 2 x 10" Unstable

Ni - 66.9 NiO 2 x l0" Unstable

Spinel - 1 0 0 (c) NiCr.O 4  4 x 107-'(c) Unstable

()Free energy of formation per mole of oxygen or nitrogen in K cal

(b)Dissociation pressure in atmospheres

()Estimated from data on FeCrCO 4
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Al and particularly Ti activities. Therefore, during low-temperature oxidation
(16000?) where the Al was still tied up as y', the thermodynamic activity
was too low for scale formation and Cr.O3 scale formation and AlO. internal
oxidation existed. At higher temperatures the effective activity of Al was
increased sufficiently (due to y' dissolution and increased diffusion) to
form an Al-rich oxide. The result was elimination of internal oxidation
and Al subscale formation. The Al and Ti activities in U-700 (15 Cr, 4 Al,
and 3.6 Ti) would be similar to those in SM-200 but the Cr activity was
higher. The higher Cr activity actually favored the formation of Cr-base
oxides and essentially increased the temperature range at which internal
oxidation and Al suboxide formation would persist. The influence of high
Cr avtivity was also demonstrated by Rene 41 (19 Cr, 1.4 Al, 3 Ti) in which
Cr.O. oxide scale predominated at all temperatures. This naturally resulted
in excessive amounts of internal oxidation.

In view of present findings, it may be possible to thermodynamically design
alloys with greater surface stability. Unfortunately, much of the required
data for this type of design is lacking, particularly those pertaining to
Al and Ti activities. Also, the Al activity as a function of temperature
would probably differ for each superalloy due to differences in the Y'
stability and Al diffusion. However, since Al-base oxides are inherently more
stable than those based on Cr, oxidation resistance can be inproved by increasing
the Al/Cr ratio. Increaslng the Al level would, of course, increase the Al/Cr
ratio at the expense of ductility. Decreasing the Cr while maintaining the
usually high Al level content should produce the same net effect with no
loss in ductility. Hence, alloys with lower Cr (6 to 9 w/o) and high Al
(4 to 6 w/o) contents are suggestud to increase surface stability. This
•Lhould not cause unfavorable alloy properties.

In a practioal sense, all the alloys studied, with the exception of Rene Y,
displayed similar oxidation resistance and, in general, the same undesirable
features. The major factors which contribute to increase oxidation and
therefore most likely to reduce component life and reliability in turbine
applications are:

Oxide spalling

lxcessive localized intergranular Oxidation

Oxide volatilization

During cooling of isothermal oxidation test specimens from temperatures of
1800'F or greater, spalling of the surface oxide was always observed for
IN-100, SM-200, and Inco 713C when the oxygen uptake exceeded 1.7, 1.5, and
1.0 mg/cnf?, respectively. Considering that a weight gain of 1.0 mg/cnn

:1 175

.4



(I L

constitutes only approximately 1.0 X l0"' in./side of metal consumed, the
effect of spalling at first appears insignificant. However, during exposure
of these materials under service conditions, oxide spalling would be enhanced
by the cyclic temperatures and "thermal fatigue" conditions which would prevail.
Since spalling of the surface oxide scale causes the material to resume oxida-
tion at the usually faster initial rate, considerable metal can be consumed
by this mechanism. The load-bearing capacity Rnd consequently service life
or re'tability will thus be impaired. The potential severity of cyclic
temperature on the scale adherence and subsequent metal consumption for IN-lO0
and Inco 713C was illustrated by the comparative results of isothermal and
cyclic oxidation tests. As indicated in these studies, thermal cycling-induced
spalling can produce excessive material degradation in these cast alloys as
compared to Rene Y, which is notably immune.

Th3 spalling tendencies displayed by the cast alloys are attributed to the
nature and morphologv of the oxides formed during oxidation. As illustrated,
the scaling and subsoaling processes which occur during the exposure of these
alloys are complex, Jeading to the formation of a heterogeneous mixture of
oxides which results in spalling. The most obvious and ideal solution to this
problem of excessive :-palling involves the formation of a single-phase tenacious
oxide scale which possesses compatibility with the base metal. This can be
attained theoretically through control of the competition which exists between
scale and subscale reactions by the addition of elements which increase the
effective activity of desirable constituents, such as aluminum, for their
eventual incorporation into the surface oxide. The rare earth elements, which
are less noble than any element present in these superalloys, could be used
for sacrificial internal oxidation and in the process increase the concentration
of otherwise subscale components into the surface scale. Although theoretically
feasible, this approach may not offer any significant advantage in practice
due to the localized segregation which exists in these cast alloys.

The metallographic examination of IN-100, SM-200, and Inco 713C subsequent to
oxidation testing above 1600'F revealed the presence of massive localized
intergranular oxidation whose severity varied with alloy and exposure. A
ranking of alloys would indicate IN-100 the most susceptible to this form of
attack, and Inco 713C and SM-200 equally susceptible, but less than IN-100.
Strength under fatigue loading, where failure is very surface sensitive, is
reduced by the metallurgical notch effect produced by this type continuous
grain boundary oxide. If, however, the internal oxides formed a fine
particulate, non-continuous layer of oxides, they may, in fact, produce a
dispersion strengthening effect. The uniform y' dissolution region usually
associated with the fine 1,0. region, may also be beneficial. Without this
relatively ductile layer, low in solute and usually free of second phase, the
internal reaction products could produce higher stress concentrations.
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The cause of the undesirable intergranular oxide formation is attributed
to the segregation of strong oxide formers, particularly titanium. It is
possible to minimize this type of internal oxidation by small additions
of elements less noble than titanium or aluminum, which could be finely
dispersed to serve as preferred elements in the competition for internal
oxidation formation. This could theoretically increase the effective
activity of the titanium and aluminum sufficiently to prevent the formation
of I.0.O. to allow their inclusion in the surface oxide. Among the few elements
which are less noble than titanium or aluminum are the rare earths and the
Group IIIB metals.

Wruring the isothermal oxidation testing of these alloys at 2000'F, all alloys
with the exception of Rene Y displayed some degree of oxide vaporization.
However, during oxidation in high velocity (75 ft/sec), natural gas combustion
products, oxide volatility was markedly accelerated. This effect can be con-
sidered somewhat analogous to that produced by spalling with similar consequences
to the material. Although volatilization does not produce more rapid oxidation
by fresh metal exposure as in the case of spalling, evidence indicates that in
the process the protective constituents, namely CraO., are removed from the
scale yielding a less protective oxide, a higher oxidation rate, and a
resultant increase in metal consumption. The extent of volatilization has
been shown to be proportional to the amount of chromium-rich oxides in the scale
with the exception of Rene Y. The amount of metal loss also increases with
increasing Cr.O content or the amount of chromium-rich oxides in the surface
scale. The lack of volatilization from oxide scales formed on Reno Y, which
results in superior resistance to high velocity gas flow, is attributed to
the formation of a protective surface layer of La-induced MnCr20 4 spinel..

Oxide volatilization can therefore be minimized by the formation of either
surface oxide: with a minimal, chromium content or protective chromium-bearing
spinels such as MnCr 04 . Here again, as indicated for the other detrimental
factors, "rt.re earth' additions may provide the solution to this problem
by altering the dominant oxidation mode, yielding more stable oxidation
products. The lower dissociation pressure of these newly formed surface
oxides, such as those based on A1.0., would greatly enhance the surface
stability of the alloy.

The marked improvement in oxidation behavior provided by minor additions

of La and Mn to Hastelloy X (Rene Y) affords an excellent example of the
benefit to be derived using minor element additions. In thi'; alloy the
addition of La apparently alters the scaling process by decreasing the
effective Ni activity in the oxide and subsequently increasing the Cr and Mn
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activities to produce a protective manganese chromate spinel oxide. This
spinel phase displays a high resistance to volatilization. The La addition
also produces greater scale adherence by concentrating at the grain boundary
cusps formed at the oxide/metal interface producing an oxide which apparently
reduces the interoacial strespes. In alloys with relatively high aluminum
concentration (4 to 7W/o) aný o Cr content (5-13W/o) surface oxides

of aluminum would probably be wnhnnced yielding a tenacious oxide.

In summary, it may be possible to minimize the deficiencies pointed out
above by major alloying modifications. However, applying this approach to
the complex high strength alloys would undoubtedly alter the already critical.
structural stability and hence mechanical propert...s of the base alloy which
in turn would require a major alloy development effort to avoid adverse
effects while improving surface stability. The Rene Y modifications offer
a promising technique for improving surface stability without major property
changes. This has been accomplished by the addition of small quantities
of the "rare earth" Lype elements and manganese. The suggested approach
toward increasing surface stability is particularly attractive since these
additions not only appear to promote the effectiveness of major alloying
elements already present in the alloy by producing protective oxide scales,
but the amount of addition required is usually small enough to have an
insignificant effect on mechanical properties.
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TABLE X-A

CONTINUOUS WEIOHT-GAIN (CII.#ATION TEST DATA AT 18000F IN GRIT BLAST CONDITION

Weight Gain/Area (mg/cn?)

Time Inco 713C U-700* IN- 100
Min. (#38) (#37) L#•j (#36)

1 0.003 0.005 - 0.010
3 0.010 0.011 0.010 0.020
5 0.017 0.021 0.021 0.030

10 0.031 0.037 0.036 0.050
15 0.046 - 0.051 0.060

20 0.053 0.069 0.067 0.070
30 0.072 0.080 0.092 0.3.00
40 0.087 0.102 0.18 o0.120
60 0.111 0.128 0.164 0.160
o80 0.128 0.160 0.205 0.200

100 0.144 0.182 0.247 0.230

120 0.154 0.192 0.277 0.260
150 0.164 0.214 0.318 0.300
180 0.175 0.235 0.360 0.340
"240 0.190 0.273 0.431 0.420

300 0.200 0.326 0.503 0.500
360 0.211 0.374 0.555 0.560
420 0.216 0.412 0.601 0.610
480 0.221 0.444 0.657 0.640
540 0.231 0.460 0.699 0.700

600 0.252 0.486 0.740 0.730
720 0.252 0.518 0.822 0.800
840 0.262 0.551 0.904 0.840
960 0.272 0.567 0.976 0.890

1200 0.303 0.583 1.217 0.970

1500 0.334 0.631 1.541 1.040
1800 0.365 0.663 1.746 1.100
2400 0.421 0.706 2.085 1.210
3000 0,452 0.748 2.466 1.320
3600 0.436 0.786 2.835 1.430

4200 0.411 0.828 3.082 1.630
4800 0.334 0.866 3.339 1.890
5400 0.349 0.898 3.688 2.040

Specimon Surface
Area (cre) 9.7380 9.3510 9.7340 9.7270

*Astroloy Sheet
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